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ABSTRACT: In situ measurement of high temperature is critical in aerospace, petrochemical,
metallurgical, and power industries. The single-crystal sapphire fiber is a promising material for
high-temperature measurement owing to its high melting point of ~2045 °C. Sapphire fiber
Bragg gratings (SFBGs), which could be inscribed in sapphire fibers with a femtosecond laser,
are widely used as high-temperature sensors. However, conventional SFBGs typically exhibit a
significant deterioration in their spectra after long-term operation at ultra-high temperatures,
resulting from the formation of some unwanted microstructural features, that is, lossy spots
and micro-etched lines, on the surface of the sapphire fiber. Here, we report for the first time,
to the best of our knowledge, a thermally stabilized ultra-high-temperature sensor based on an
SFBG created by femtosecond laser inscription, inert gas-sealed packaging, and gradient
temperature-elevated annealing. The results indicate that the lossy spots are essentially
aluminum hydroxide induced by high-temperature oxidation, and the inert gas-sealed
packaging process can effectively insulate the sapphire fiber from the ambient air. Moreover,
the formation of micro-etched lines was suppressed successfully by using the gradient
temperature-elevated annealing process. As a result, the surface topography of the SFBG after operating at high temperatures was
improved obviously. The long-term thermal stability of such an SFBG was greatly enhanced, showing a stable operation at 1600 °C
for up to 20 h. In addition, it could withstand an even higher temperature of 1800 °C with a sensitivity of 41.2 pm/°C. The
aforementioned results make it promising for high-temperature sensing in chemical, aviation, smelting, and power industries.
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1. INTRODUCTION owing to their high sensitivity, compact size, capability of
multiplexing, and immunity to electromagnetic interference. A
femtosecond laser, featuring an ultra-short pulse width and an
extremely high peak intensity, is a powerful tool for creatin%
such functional devices (such as F-P interferometers,”

gratings,w_15 and microactuators®®) in or on almost all kinds
of materials, for example, fibers without any photosensitivity
(such as sapphire fibers) and metal.”’ Various types of FBGs,
including type Lot type IL'' '3 and regenerated FBGs,'#'®
were studied and developed as high-temperature sensors.
Compared with UV-induced type I FBGs, type II FBGs
inscribed by using high-intensity femtosecond lasers can
withstand temperatures above 1000 °C.'”** However, the
operating temperature of conventional silica-based FBGs is
limited by the glass-transition temperature (~1330 °C).****

Temperature is one of the most common indicators used for
condition monitoring in aviation, smelting, and power
industries.' " There is a growing demand for ultra-high-
temperature sensors to ensure safety and estimate performance
deterioration. For example, the heart of an aircraft, the
operating environment of the aeroengine, is extremely harsh,
with the temperature inside its combustion chamber and
turbine being up to ~1500 °C or even 1800 °C."?
Temperature monitoring in an aeroengine will be beneficial
to extending its service life, obtaining higher combustion
efficiency, and improving combustion mode in terms of
reducing NO, emissions.”” Commercial high-temperature
sensors,"° such as thermocouples,'® temperature-sensitive
paint,17 and infrared thermal image1‘s,18’19 have their own
shortcomings. For example, thermocouples are susceptible to
electromagnetic interference. In addition, they are single-point Received:  December 20, 2021
sensors, which are not conducive to distributed sensing. Accepted:  February 8, 2022
Temperature-sensitive paint and infrared thermal imagers can Published: February 17, 2022
merely be suitable to measure the surface temperature.

Optical fiber-based devices, such as fiber Bragg gratings
(FBGs), are more attractive for high-temperature sensing,
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Figure 1. Ultra-high-temperature sensor based on an inert gas-sealed SFBG; (a) schematic of the sensor; (b) photograph of the sensor prototype.
(Insets: bl, top-view microscopy image of the femtosecond laser-inscribed SFBG; b2, scanning electron microscopy image of the surface of the

pristine sapphire fiber; b3, seal device of the sapphire tube.)

A single-crystal sapphire fiber, which has a high melting
temperature of ~2045 °C, outstanding chemical resistance,
and low transmission loss, is a promising candidate for
fabricating ultra-high-temperature sensors. Blackbody radia-
tion,24 E-P interferometers,25 Bragg grating,26_3’1 and Raman
scattering®” on sapphire fibers have been reported for high-
temperature sensing. In these methods, sapphire FBGs
(SFBGs) exhibit a high mechanical strength, a high signal-to-
noise ratio (SNR), and a capability for multiplexing. The
highest short-term operating temperature of SFBGs reported
50 far was ~1900 °C.”” As for the study on long-term stability,
alumina tube-packaged SFBGs were reported to survive at a
high temperature of 1000 °C for 110 h.** Moreover, in 1999,
Shen et al. discovered the lossy spots formed on the surface of
sapphire fibers after a high-temperature test, and those lossy
spots could result in serious deterioration in the transmission
performance of the sapphire fibers.”> ™ Later, the researchers
at Ohio State University found that the lossy spots were
formed by high-temperature oxidation.’**” Wilson et al.
proposed an effective method to solve this problem by
packaging the sapphire fiber via a pure alumina tube infiltrated
with inert gas, and hence the attenuation of sapphire fibers at
high temperatures can be reduced.’’ Nevertheless, to the best
of our knowledge, there are few reports on the long-term
stability of SFBGs at temperatures higher than 1600 °C, at
which the degeneration of SFBGs will occur due to the absence
of a protective cladding and the thermal reaction at the fiber—
air interface.”

In this paper, we discovered the micro-etched lines and lossy
spots formed on the surface of sapphire fibers after long-term
operation at ultra-high temperatures. We characterized the two
microstructural features and found that the lossy spots are
essentially some form of aluminum hydroxide formed by a
chemical reaction between the sapphire fiber and air, and the
micro-etched lines are caused by non-uniform residual stress
relaxation. As shown in Figure 1, we propose a new method to

suppress the formation of such unwanted microstructural
features on the surface of SFBGs by using an inert gas-sealed
packaging and gradient temperature-elevated annealing proc-
ess. Hence, the surface topography of the sapphire fiber can be
improved, leading to the enhancement of long-term thermal
stability of SFBGs. Such an SFBG can stably operate at 1600
°C for up to 20 h and withstand an ultra-high temperature of
1800 °C with a sensitivity of 41.2 pm/°C. The characteristics
mentioned above make it promising for chemical, aviation,
smelting, and power industries.

2. DEVICE FABRICATION

As shown in Figure 1, the proposed ultra-high-temperature
sensor consists of an SFBG inscribed with a femtosecond laser
line-by-line technique®® and sealed in an argon gas-infiltrated
sapphire tube by using a handmade seal device. The SFBG, as
shown in the inset (b1) of Figure 1, was inscribed on the tip of
a commercial single-crystal sapphire fiber (MicroMaterial,
diameter: 100 pm, length: ~50 cm) by using appropriate
fabrication parameters, including a single-pulse energy of 29.9
nJ, a track length of 60 ym, a grating pitch of 1.78 ym, and a
grating length of 2 mm.

A commercial sapphire tube (Crytur, inner diameter: 3.4
mm) was selected for packaging the SFBG since it has a high
melting temperature of ~2000 °C, similar to that of a single-
crystal sapphire fiber. Such a sapphire tube also has excellent
chemical corrosion resistance and great mechanical strength
and hence could be used for protecting an SFBG from
pollution and breakdown in high-temperature environments.
Moreover, argon gas infiltrated into the sapphire tube could
further protect the SFBG from high-temperature oxidation due
to its chemical inertness.”” Before argon infiltration, as shown
in Figure 1, an alundum capillary (outer diameter: 2 mm, inner
diameter: 1 mm) was inserted into the opening end of the
sapphire tube and sealed using a high-temperature sealant
(Shuoxian, SX-8301) via a hand-held dispensing process and
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Figure 2. Experimental setup for sealing the fabricated SFBG in a sapphire tube with inert gas (MFC, mass flow controller; GPC, gas pressure
controller). (Inset: the evolution of argon concentration inside the glovebox during the gas infiltrating process.)
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Figure 3. SEM images showing the surface topography of three sapphire fiber samples S1—S3 after long-time high-temperature annealing at (al—
a3) 1530 °C, (b1—b3) 1560 °C, and (c1—c3) 1600 °C. (d1—d3) Evolutions of the feature size of lossy spots and feature width of the etched lines
on the surface of the fiber samples (S1, unpackaged sample; S2, packaged sample; S3, packaged sample with stress relaxation).

cured at 70 °C for 2 h. Then, the fabricated SFBG was
threaded into the sapphire tube through the alundum capillary
and placed into a glovebox. The experimental setup for argon
gas infiltration is shown in Figure 2. The argon gas flows into
the sapphire tube with a precisely controlled flow rate via a gas
pressure controller (General Electric, Druck PACE6000) and
two mass flow controllers (Sevenstar, CS200A). During this
period, the concentration of argon in the glovebox was real-
time monitored by a high-precision gas detector (Kunlian,

12361

KL400-Ar-Y). The argon concentration quickly increased to
99.9% after 7 min, and the filling process lasted for 30 min to
ensure a full infiltration of argon. The opening end of the
alundum capillary was then sealed, and an inert atmosphere
could be maintained in the sealed sapphire tube. As a result, as
shown in Figure 1b, an inert gas-sealed SFBG sensor prototype

was obtained.
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Figure 4. (a) EDS point results and (b) mapping images of the microstructural features, including lossy spots, micro-etched lines, and nano-etched

lines, on the surface of the sapphire fiber.

3. RESULTS AND DISCUSSION

3.1. Characterization. The surface topography of sapphire
fibers after high-temperature annealing was studied using a
scanning electron microscope (TESCAN, LYRA3 XMH). At
first, the SEM image of a pristine sapphire fiber was captured,
showing a very smooth surface topography in the inset (b2) of
Figure 1. Then, two sapphire fibers, one without packaging
(S1) and the other one with inert gas-sealed packaging (S2),
were isothermally annealed at 1600 °C for S5 h in a tube
furnace (Carbolite, Gero HTRH). A B-type thermocouple was
used to monitor the interior temperature of the furnace, which
increased from room temperature to 1600 °C at a speed of 3
°C/min. After the high-temperature annealing process, the
SEM images of two samples were taken. In the case of the
unpackaged sample (S1), as shown in Figure 3al—cl, some
bubbles, so-called lossy spots, could be seen on the fiber
surface, along the entire length of heated region. The feature
size of lossy spot, as shown in the blue line in Figure 3dl,
increases drastically at temperatures higher than 1590 °C. The
feature size of lossy spots on the sapphire fiber at 1600 °C,
which are marked by blue lines in Figure 3cl, is typically ~15
um and can reach a maximum of 115.75 pm. The formation of
lossy spots could be explained by a chemical reaction between
the sapphire material and the surrounding atmosphere at high
temperatures.36 Moreover, another microstructural feature (i.e.,
etched lines), with a feature width from sub-microns to several
microns, is shown in Figure 3 and are marked by red lines. The
micro-etched lines were unevenly formed in clusters or groups
and occupied a certain area on the surface of the sapphire fiber.
As shown in the red line in Figure 3dl, in the case of
temperature increase, the feature width of the micro-etched
lines first increases and then decreases, exhibiting a maximum
of ~5 pm. In general, the smoothness on the surface of the
sapphire fiber deteriorates significantly at high temperatures.

In the case of the packaged sample (S2), the lossy spots
almost disappear, shown in Figure 3a2—c2, which means that

the inert gas-sealed packaging is effective to suppress the
formation of lossy spots. However, the etched lines can still be
observed in the insets of Figure 3a—c2. The feature width of
the micro-etched lines on S2 exhibits a similar trend to that of
S1. However, the micro-etched lines merely appear on the
section of the sapphire fiber annealed at 1560 °C, and the
largest feature width decreases to ~3 um. It is reasonable to
predict that the micro-etched lines are caused by the non-
uniform residual stresses.””

Then, we fabricated another sapphire fiber sample (S3) with
inert gas-sealed packaging and gradient temperature-elevated
annealing, which can release the residual stress uniformly. The
sample S3 was also isothermally annealed at 1600 °C for 55 h
but in a slower heating process, that is, 1 h at 300 °C, 3 h at
600 °C, 6 h at 900 °C, 12 h at 1200 °C, 24 h at 1500 °C, and
5SS hat 1600 °C. As shown in Figure 3a3—c3, the micro-etched
lines disappear completely, except for some nano-etched lines
on the surface. The feature width shows an upward trend in
Figure 3d3 with increasing temperature. Note that these nano-
etched lines on the annealed sapphire fiber sample S3 have a
maximum width of ~200 nm, which is still larger than that on a
pristine sapphire (~70 nm) shown in the inset (b2) of Figure
1.

Furthermore, we analyzed the elementary composition of
lossy spots and etched lines using an energy-dispersive X-ray
spectroscope (FEI, Scios02). The EDS point results at
locations marked by asterisks in Figure 4a illustrate that the
lossy spots have an Al/O ratio of 1:4.22, which is much lower
than that of 1:0.79 in the pristine sapphire fiber. This means
the lossy spots result from high-temperature oxidation, that is,
they could be regarded as aluminum hydroxide.39’40 Moreover,
the micro-etched lines and nano-etched lines have Al/O ratios
of 1:0.77 and 1:0.76, respectively, which are similar to that of
the pristine sapphire fiber. Then, as displayed in Figure 4b, the
mapping images show that the lossy spots have decreased
aluminum content obviously. In addition, these two types of
etched lines have an aluminum content on the surface similar
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Figure S. (a) Reflective spectral evolutions of three different SFBG sensors S4—S6 after 20 h of annealing at 1600 °C. (b) Evolutions of peak
reflection and Bragg wavelength of S4—S6 with the annealing time at 1600 °C.
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to that of the pristine sapphire fiber. It means that the etched
lines should not be introduced by a chemical reaction; instead,
it might be introduced by a thermal volatilization process, in
which the sapphire material can sublime into a vapor
phase.***

3.2. Temperature Measurement. Subsequently, we
evaluated the long-term thermal stability of three fabricated
high-temperature sensors, that is, a sample without packaging
(S4), a sample with inert gas-sealed packaging (SS), and a
sample with inert gas-sealed packaging and gradient temper-
ature-elevated annealing (S6) by placing them in the center
section of the tube furnace to ensure a stabilized high-
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temperature condition. An optical frequency domain reflec-
tometer (Luna, OBR 4600) was used to interrogate the SFBG
sensor during the high-temperature test. One end of the
sapphire fiber was connected to the lead-in multimode silica
fiber (62.5/125 pm) by butt-coupling. To reduce the
background reflection, the fiber connecter was immersed in
the index-matching oil. Three high-temperature sensors, that
is, S4—S6, were isothermally annealed at 1600 °C for 20 h with
different heating processes, that is, heating from room
temperature to 1600 °C with a speed of 3 °C/min in the
cases of S4 and S5 and gradient temperature-elevated
annealing in the case of S6. Moreover, the reflection spectra
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were recorded every 30 min, and Savitzky—Golay smoothing
was applied on these reflection spectra to increase the accuracy
in detecting the peak wavelength.

It can be seen from Figure Sa that three samples S4—S6
exhibit different SNR evolutions in their reflection spectra
during the long-term high-temperature test. As shown in
Figure Sb, the peak reflections of S4 and SS after annealing at
1600 °C for 20 h decrease by ~7 and ~5 dB, respectively. This
may result from the high-temperature-induced permanent
defects on the fiber surface (i.e., lossy spots and etched lines),
which can increase the attenuation of the sapphire fiber. In
addition, the peak reflection of S6 increases by ~4 dB and still
remains stable after annealing at 1600 °C for 20 h. This may
result from the improvement of the surface topography of the
sapphire fiber by using inert gas-sealed packaging and gradient
temperature-elevated annealing. Moreover, as shown in Figure
Sb, the Bragg wavelengths of S4—S6 fluctuate sharply in the
first 17 h and then stabilize in the last 3 h. This indicates that
the femtosecond laser-induced residual stress could be released
by high-temperature annealing, and hence, a thermally
stabilized SFBG ultra-high-temperature sensor could be
achieved."!

Furthermore, we studied the temperature response of an
inert gas-sealed SFBG sensor at higher temperatures, that is,
the temperature was varied from 88 to 1800 °C and was
maintained for 20 min at each measurement point. The
complete temperature response of the packaged SFBG is
shown in Figure 6a,b. It is obvious the Bragg wavelength of the
SFBG exhibits a “red” shift with increasing temperature and a
“blue” shift with decreasing temperature. Note that the peak
reflection and SNR in the reflection spectra of the inert gas-
sealed SFBG sensor have no severe deterioration in the heating
and cooling process. The temperature sensitivities of the inert
gas-sealed SFBG at various temperatures, that is, 21.0 pm/°C
at 88 °C, 28.3 pm/°C at 856 °C, and 41.2 pm/°C at 1800 °C,
were evaluated by applying exponential fits to the measured
data. These results are consistent with those in previous
works.”*! However, such an inert gas-sealed SFBG has much
better repeatability than the previous “naked” SFBGs.”””*'
Furthermore, as shown in Figure 6¢, the reflection spectrum of
the inert gas-sealed SFBG remains almost unchanged at 1800
°C for 30 min. Figure 6d shows that the reflection spectrum of
the inert gas-sealed SFBG can return to its initial state after
annealing at 1800 °C except for a Bragg wavelength shift of
770 pm. Consequently, the excellent high-temperature sensing
performance of such an inert gas-sealed SFBG sensor makes it
promising for various ultra-high-temperature measurements.

4. CONCLUSIONS

We have proposed and demonstrated a new method for
improving the long-term thermal stability of SFBGs by using
an inert gas-sealed packaging and gradient temperature-
elevated annealing process. The surface topography and the
elementary composition of sapphire fibers after suffering a high
temperature were studied. The results indicate that the lossy
spots, essentially some form of aluminum hydroxide, can be
suppressed effectively by using the inert gas-sealed packaging
process, and non-uniform residual stresses can lead to the
formation of micro-etched lines, which could be eliminated by
gradient temperature-elevated annealing. Hence, the sapphire
fiber with an improved surface topography after high-
temperature annealing has been obtained. An SFBG ultra-
high-temperature sensor created by femtosecond laser
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inscription, inert gas-sealed packaging, and gradient temper-
ature-elevated annealing has been achieved. The long-term
high-temperature annealing test shows that such an SFBG
sensor can operate at 1800 °C with a sensitivity of 41.2 pm/°C
and is quite stable at 1600 °C for more than 20 h. Therefore,
such a stabilized ultra-high-temperature sensor based on an
inert gas-sealed SFBG could be potentially applied in many
applications, such as chemical, aviation, smelting, and power
industries.
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