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ABSTRACT

Fiber gratings are proving to provide versatile discrete sensor elements for structural health monitoring systems. For
example, they outperform traditional resistive foil strain gages in terms of temperature resistance as well as multiplexing
capability, relative ease of installation, electromagnetic interference immunity and electrical passivity. However, the
fabrication method and post-fabrication processing influences both performance and survivability in extreme
temperature environments. In this paper, we compare the performance and survivability when making strain
measurements at elevated temperatures for a range of fabrication and processing conditions such as UV-laser and
electric-arc writing and post-fabrication annealing. The optimum method or process will depend on the application
temperatures (e.g., up to 300°C, 600°C or 1000°C), and times at these temperatures. As well, other sensing requirements,
including the number of sensors, measurand and sensitivity may influence the grating choice (short or long period).
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1 INTRODUCTION

Optical fibers have the following characteristics that can benefit sensor applications. They (a) are noise free (they are
both immune to electromagnetic interference (EMI) and do not generate EMI), (b) are electrically passive and this safe
in explosive environments, (c) allow transmission of sensed information over long distances and through difficult to
access regions, e.g., through small holes, down oil wells, etc., (d) are small enough to be integrated into smart materials,
(d) can be highly durable, are low in weight, and (e) are capable of being installed with less labor than comparable
electronics sensors. The writing of optical fiber gratings into select regions along an optical fiber provides a means of
creating discrete high-sensitivity, high-resolution sensing sections along the fiber. Optical fiber gratings

Multipoint strain sensing [1-4] is crucial to Integrated Systems Health Management (ISHM) for aerospace structures.
Strain sensing with commonly used resistive foil gages is typically restricted to less than 400°C, is subject to
electromagnetic interference and installation is labor intensive. By contrast, light-weight fiber optic sensors have the
potential for noise-free measurement to much higher temperatures with electromagnetic interference immunity, electrical
passivity and thus safety in explosive environments, and remote access. Fiber optic grating sensors are also
multiplexable and precise, but standard gratings are subject to high-temperature degradation. However, IFOS is
developing special fiber grating based strain sensors that significantly extend the maximum temperature at which
accurate strain sensing is achievable to 800°C and beyond, thus filling a particular need for users of high-temperature
health monitoring of (a) jet and other high temperature engines, (b) thermal protection systems — including those on
leading and trailing edges of aircraft and in re-entry protection for shuttle and other space vehicles, and (c) satellite space
vehicles. Further applications include instrumentation for fire warning systems, furnaces, nuclear power plants, high-
temperature automotive engine sensors, oil refinery and drilling, chemical sensors, and homeland security sensor
systems. While our focus is on reliable high-temperature strain measurements, the system will also have the potential for
extension to simultaneous measurement of strain, vibration, acceleration, and temperature, and, with appropriately
coated gratings, sensitivity to various chemicals and biochemicals, and applicable to gases in combustion environments
and high temperature spectroscopy.

In Section 2, we briefly review grating writing methods, in Section 3, strain testing, in Section 4, temperature cycling,
and in Section 5, we conclude.



2 FIBER GRATING WRITING METHODS

Optical fiber gratings most commonly have a periodic variation in refractive index along their length with period A that,
in silica fiber, is on the order of a half a micron to produce Fiber Bragg Gratings (FBGs) that reflect 1.5 micron light.
These Short Period Gratings (SPGs) may be contrasted with so-called Long Period Gratings (LPGs) that have periods on
the order of several hundred microns and for which light is lost from the fundamental core mode to forward-propagating
cladding modes. Both grating types have dips in transmission spectra of the fundamental mode. However, only SPGs
have significant spectral peaks in the reflected spectra.

Grating writing in optical fibers and integrated optic waveguides may be broadly classified into three categories:
1. UV laser photosensitivity-induced inscription — Type I [5-8] and Type 11 [9-10]
2. IR laser heat-induced inscription
3. Electric-arc heat-induced inscription

Method 1 was developed and patented by UTRC (USA) and CRC (Canada) and now used by many laboratories
worldwide having been the focus of thousands of investigations. Type I gratings can start to degrade as temperature is
increased over 250°C. Annealing can provide some improvement to the thermal resistance. However, Type II gratings in
general have more thermal resistance.
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Fig. 1. UV laser photosensitivity-induced inscription of FBGs: (a) original split interferometer method [5], and (b) phase
mask method [8].

Method 2 has been explored by a number of laboratories. Fiber gratings written by periodical local heating of the fiber
with Ti:sapphire [13], CO, [14-15] and CO [18] laser radiation have demonstrated very high thermal stability.

Method 3: The local heating of the fiber also takes place in the process of grating inscription by electric arc discharges,
and their thermal stability must be comparable as well. The electrical arc technique is simpler and does not need
expensive laser equipment.
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IFOS setup for electric-arc fabrication of fiber gratings

Fig. 2. Simplified schematic of setup used by IFOS for electric arc fabrication of fiber gratings.

In the following sections we discuss measurements made on LPGs fabricated by IFOS using the electric arc method in
contrast to standard industrial UV-inscribed SPGs.



3 LOADING TESTS

We performed a series of calibrated strain tests using weight-induced tensile strain. In particular, as shown in Fig. 3
between the spool and a clamp involving large surface area rubber strips attached to an optical fiber containing a grating,
just below that grating.
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Fig. 3. Calibrated strain measurements of gratings using weights.

Fig. 4 shows the movement of wavelength spectra for increasing weights. As the weight is increased to 235 grams,
resulting in a tensile strain of approximately 2000 pe, the spectral dip moves by approximately 78 nm shorter
wavelength.. Since the dip wavelength is given (Eq. 1) by A™ ~ (nepi-nepn)/\ these results indicate that stretching the
grating decreases the effective index difference (#.-#.4,) substantially more than the grating period A is increased. We
can understand this happening if the stretching acts to significantly reduce the effective index of the fundamental mode,
squeezing it somewhat out of the core.
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Fig. 4. Transmission spectra for a range of weights used to provide calibrated strain on an IFOS electric-arc fabricated
grating.



In Fig. 5, we plot the dip wavelength as a function of weight. (More measurements were taken than those plotted in Fig.
4). We see as shift of -330 pm / gram. It can be shown (see next section) that for a 125 um silica fiber the strain resulting
from a hanging weight is approximately 8.53 pe/gram. Thus the wavelength shift per unit strain is approximately -39 pm
/ ue (which may be compared with the short-period grating shift at 1550 nm of 1.2 pm / pe - see next section for details).
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Fig. 5. Dip wavelength versus weight for IFOS electric-arc written Long Period Grating (LPG) showing a shift of
approximately -330 pm/gram.

This result may be compared with that for a standard UV-laser written short period grating shown in
Fig. 6.
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Fig. 6. Dip wavelength versus weight for a standard UV-laser written 1550-nm Short Period Grating showing a shift of
approximately 10 pm/gram.



We note that the shift for the electric-arc written long period grating is 33 times larger than that of the UV written short
period grating. In addition, while the dip wavelength increases with weight applied strain in the short period case, it
decreases for this particular electric arc written long period grating.

4 TEMPERATURE CYCLING TESTS
Fig. 7 shows measurements with the tube furnace cycled between room temperature to 1000°C. We note:

e Survivability and repeatability — when the grating is returned to room temperature, the initial spectrum is
retained.

e High temperature operation - significant dips in the spectrum remain at 1000°C and again the result is
repeatable (within experimental error - in our initial tests the accuracy of the temperature measurement within
the tube furnace is estimated at £20°C).

5

1o L A
& 1 L
3 |
c | \ — T=19.7 (D2)
§ 15 ] / \ ——T=20.3 (D3)
£ l | T=999 (D2)
§ I | T=1000 (D3)
=

-20 -

25 e __{ltdC_ : : :

1300 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Fig. 7. IFOS electric arc fabricated grating: Room temperature to 1000°C spectral repeatability measurements for a grating
fabricated by IFOS using the technique.

These results may be contrasted with those for a standard industrial gratings fabricated with a UV
laser shown in Fig. 8.
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Fig. 8. Standard industrial UV grating: Spectral measurements of reflected power as the grating is heated a second time from
room temperature up (U) to 1000°C, and then a further 75°C to 1075°C before it is let to cool down (D).




In this experiment, as for the IFOS gratings in the previous experiment, we heated the standard grating up to nearly
1000°C with the tube furnace on maximum, and then let it cool back down to room temperature. Note that as the grating
was heated to 996°C in 21 minutes its reflectivity decreased approximately by 5 dB. It continued to degrade in the high
temperature by another 3.5 dB as it cooled to 803°C over the next 7 minutes. As it cooled further, it appeared to stabilize
indicating that the degradation mechanisms occurring below 800°C had been removed in the initial heating — however in
removing these, the reflectivity had decreased by nearly a factor 8. As shown in Fig. 9further cycling up to 1000°C in 20
minutes reduced the reflectivity by another 3.5 dB. Heating the tube furnace a further 75°C to 1075°C took a further 87
minutes and virtually destroyed the reflectivity — i.e. reduced it by another 9 dB to make it 22.5 dB lower than the
original starting value in Fig. 8.
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Fig. 9. Standard industrial UV grating: Spectral measurements of reflected power as the grating is heated a second time from
room temperature up (U) to 1000°C, and then a further 75°C to 1075°C before it is let to cool down (D).

5 LOADING TESTS AT ELEVATED TEMPERATURES

In Fig. 10, we show experimental results for the strain dependence of an example electric arc fabricated LPG at room
temperature and at 650°C. We note that the increased temperature shifts the wavelength versus weight curve to longer
wavelengths.
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Fig. 10. Strain test results for spectral dip wavelength versus applied weight at room temperature and 650 °C.



6 CONCLUSIONS

Electric-arc inscription provides a method for fabricating long-period gratings that are stable to high temperatures. We
successfully fabricated a series of high-temperature gratings using this method. The electric-arc written gratings were
characterized as a function of wavelength, strain and temperature. A strain response 33 times larger than that of standard
UV-laser written short period gratings was obtained. While the shift for these standard gratings is on the order of 1
picometer per microstrain, for electric-arc written long-period there can be substantial variability dependent on
fabrication details. This has the potential for leading to a rich range of sensors and filters.

APPENDIX: STRAIN RELATIONSHIPS FOR SHORT-PERIOD GRATINGS

When a fiber is stretched the tensile strain & is related to applied force F' via the Young’s modulus E and the cross-
sectional area 4, i.e.,

e=F / (Esiica Afiber) (1)
For fiber diameter, 125 pm, given the Young’s modulus for silica,

Egiica ® 94 {143 £} GPa ~ 9.4 x 10" Nm?, )
we obtain

& F =1/ (Esitica Aier) = 0.087 % / N = 0.87 pe / (gram.m.s’z), (<< 1) 3)

Taking F = mass.g = mass.9.8 m.s~.

&/ mass = 8.53 pe/gram €))

For standard short-period gratings, fractional wavelength shift is related to strain via the photo-elastic coefficient for
silica, p, =~ 0.22, as follows:

oAglig=(1-p.) e ~0.78 ¢ ®)]
Thus
(Ol A5) | F~=0.068 % /N, (6)
and
(OAp/Ag) / mass~ 0.00665 % / gram (7
At 1300 nm
OoAg/ F~0.88nm /N, oAz/ £~ 1.01 pm/ pe, and oAg / mass = 8.7 pm / gram (®)
At 1550 nm
g/ F=~1.05nm/N, 64g/ e = 1.21 pm/ pe, and 6p / mass = 10.3 pm / gram 9)
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