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ABSTRACT

Qualification and commercialization of new nuclear fuels and materials requires a comprehensive
set of data regarding behavior under irradiation. There are currently very limited options for in-situ
monitoring of material evolution during irradiation due to the extremely harsh environment (i.e.,
high temperatures and intense radiation) of materials test reactors. This paper describes work being
performed at Oak Ridge National Laboratory to embed metal-coated fiber-optic sensors into in-core
irradiation experiments to enable measurement of radial dimensional changes and spatially
distributed temperature and strain. Some critical issues that must be addressed before embedded
fiber optics can be deployed in-core include (1) embedding of metal-coated fibers without failure or
prohibitively large signal attenuation, (2) embedding in curved channels to allow for radial
dimensional measurements, and (3) demonstrating that embedded fibers can survive the large
stresses that result from differential thermal expansion between the glass fiber and the surrounding
metal matrix. This work shows how optical fibers have been successfully embedded in aluminum
and copper alloys in both straight and curved channels with various bend radii. The embedded fibers
have also survived heating to temperatures of 500°C and cooling to room temperature. This paper
presents some of the experimental results including measured light attenuation resulting from
embedding with and without bends and high-temperature testing.
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1 INTRODUCTION

Advanced nuclear fuels and materials are critical to both next-generation reactor technologies and improved
accident-tolerant light water reactors [1-4]. Qualification and commercialization of new fuels and materials
requires experimentally validated modelling and simulation tools to predict performance during irradiation.
Traditionally, radiation-induced changes in microstructure, thermophysical properties, geometry, etc., were
obtained using a “cook-and-look™ approach where fuels and materials were examined post-irradiation. This
approach is both time-consuming and costly, with some experiments requiring months to years of design,
irradiation, and post-irradiation examination to achieve a single data point on irradiation performance.
Today, instrumented irradiation experiments use sensors that provide reasonably accurate measurements of
temperature and neutron fluence; however, data regarding the in-situ performance of test specimens is very
limited [5].

This paper describes work being performed at Oak Ridge National Laboratory to develop advanced fiber-
optic sensors that can be embedded into in-core irradiation experiments in test reactors and perhaps some
components in commercial reactors. Several previous works have demonstrated acceptable performance of
fiber optics in-core and at very high temperatures [6-18]. Combining the embedding capabilities of
ultrasonic additive manufacturing (UAM) [19-24] with fiber-optic sensing technologies could enable
entirely new measurement techniques capable of surviving the harsh environment of a nuclear reactor.
These new sensing techniques will help accelerate the time frame for development and deployment of
advanced nuclear fuels and materials by providing high-fidelity real-time data for validation of nuclear fuel
performance models. Optical fibers have been successfully embedded in aluminum and copper alloys in
both straight and curved channels and survived heating to temperatures of 500°C. This paper will discuss
measured light attenuation during this testing as well as plans to measure radial dimensional change and
spatially distributed temperature and strain during irradiation.

2 EXPERIMENTAL APPROACH

2.1 Distributed Fiber-Optic Measurements

Spatially distributed measurements of the reflected light signal intensity can be made using optical
frequency domain reflectometry (OFDR) [25-27]. The basic principle relies on the interference pattern
produced from a reference leg (coupled directly from the light source to the detectors) and from backscatter
reflections that occur along the entire length of a measurement leg. A tunable laser is used to sweep over a
range of light frequencies. The optical path length difference depends on the location from which the
reflection occurs. In this way, the photodetectors measure the superposition of all reflections occurring
along the length of the fiber. Performing a Fourier transform on the measured intensity-vs-frequency data
gives a reflected amplitude as a function of time delay, which of course can be related to the location (or
position) from which the reflection occurred. When the fiber is locally heated or mechanically strained
compared to some reference state, the spectral signature of the backscattered reflections is shifted. A
spatially distributed sensor can be formed by windowing the intensity-vs-position data over the spatial range
of interest, transforming that data back into the optical frequency domain, and performing a cross-
correlation of the spectra compared with the reference measurement. The spectral shift that is determined
from the cross-correlation can be calibrated to a change in temperature or strain. More details can be found
in other publications [15, 28, 29].

2.2 Ultrasonic Additive Manufacturing and Fiber Embedding

UAM is a tape-layering process by which thin layers of metal are bonded together by a combination of
pressure and ultrasonic motion. A vibrating tool, or sonotrode, creates a scrubbing motion that breaks down
the surface oxides on the foil and the substrate. After adding layers, channels, or slots, can be machined in
a component, and other materials, including sensors, can be placed inside the slot. Applying additional



layers results in components and/or sensors that are embedded within the part. Using UAM to embed
sensors is especially attractive because it is a low-temperature process (<100°C when embedding in
aluminum [30]).

2.3 High-Temperature Testing

As mentioned previously, one of the unresolved issues with embedded fiber-optic sensors is whether the
fibers can survive high temperatures and the resulting differential thermal expansion between the fused
silica fiber and the aluminum matrix. To address this issue, embedded fibers were placed inside a high-
temperature oven and heated in steps to nominal temperatures of 100, 200, 300, 400, and 500°C, as
monitored by a K-type thermocouple. Each temperature was held for approximately 15—20 minutes. After
the final heating step, the furnace temperature was gradually cooled to room temperature. The fibers were
interrogated throughout the experiment to monitor light transmission.

3 RESULTS

3.1 Embedding of Metallized Optical Fibers

All fibers embedded with a slot depth of less than 152 pm failed to transmit light after embedding. After
coating, the fiber diameter is nominally 165 pm. Two examples of optical microscopy of copper-coated
fibers embedded in aluminum are shown in Figure 1. Figure 1 shows that even though the embedded fiber
with a slot depth of 152 um had adequate light transmission, there was significant coating deformation after
embedding. These results indicate that the slot depth should be greater than the fiber diameter after coating
to achieve adequate bonding to the matrix without significant coating deformation.

Figure 2 shows an example of reflected signal amplitude as a function of position for a copper-coated fiber
embedded in aluminum with a slot depth of 178 um. The units of the signal amplitude are dB, with a
reference intensity determined during a calibration scan performed with a highly reflective gold-coated
fiber. The fiber is terminated with a core-less fiber near 16.27 m, which results in a large reflection. A
smaller reflection occurs at 16.30 m at the interface between the end of the core-less fiber and the
surrounding air. There is essentially zero signal returned beyond the end of the core-less fiber.

The embedded region is also indicated in Figure 2. Some signal loss occurs due to the embedding process.
However, comparing the insertion loss (i.e., the difference in signal intensity immediately before and after
the embedded region) indicates that the total signal attenuation for a single pass through the embedded
region is only 1.1 dB. The results presented here for a fiber embedded in a straight channel can be compared
with results presented in Section 3.2 for fibers embedded in curved channels with various bend radii.
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Figure 1. Optical microscopy of copper-coated fibers embedded in aluminum with slot depths of 152 um (left)
and 178 pm (right).
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Figure 2. Reflected signal amplitude vs position for a copper-coated fiber embedded in a straight aluminum
channel.

3.2 Embedding in Curved Channels

To use fiber optics to measure radial dimensional changes during irradiation, the fibers must pass down into
an experiment vehicle and bend 90° so that the end of the fiber is pointed directly at the outer radial surface
of the specimen. A schematic representation of this type of measurement is shown in Figure 3.
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Figure 3. Schematic of potential measurement of radial dimensional change.

The diameter can be determined from the radial gap between the end of the fiber (flush with the surface of
the UAM matrix) and the outer surface of the specimen. This gap is determined based on the interference
pattern produced from two signals: (1) light that is reflected at the end of the embedded optical fiber and
passes back through the same fiber toward a detector and (2) light that is transmitted beyond the first
reflection, reflected off the outer surface of the specimen, and then passes back through the fiber toward a
detector. Embedding the fiber in a curved channel allows for measurements of dimensional change without
the use of epoxy, which would not survive for extended durations during irradiation. However, because of
the limited size of typical irradiation vehicles, the fiber must be bent at a relatively small radius.

Experiments were performed to determine the limiting bend radius for embedded fibers by embedding
fibers at three different radii: 6.35, 7.62, and 12.70 mm. These radii were determined based on the minimum
recommended bending radius of 10 mm specified by the fiber manufacturer (IVG Fiber). One sample was
tested for each bend radius. Figure 4 through Figure 6 show measured light intensity vs position for the
three different bend radii. The insertion loss was calculated for a single pass through each of the bends as
was done for the data in Figure 2 without a bend. Table I summarizes the insertion loss for all the data that
were analyzed. The slightly larger insertion loss for the 12.70 mm radius bend compared to the loss for the
7.62 mm radius bend could be explained by small variations in the slot depth. The start of the bend can be
easily identified in Figure 5 (near 15.17 m) and Figure 6 (near 16.2 m); the start of the bend is not as clear
in Figure 4 (perhaps near 15.2 m). Based on these results, the fiber can successfully transmit light with a
bend radius as small as 6.35 mm.
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Figure 4. Amplitude vs position after embedding in channel with 12.70 mm bend radius.
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Figure 5. Amplitude vs position after embedding in channel with 7.62 mm bend radius.
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Figure 6. Amplitude vs position after embedding in channel with 6.35 mm bend radius.

Table I. Return loss for all samples

Channel bend Ins_ertion loss fora | Embedded length Ir_15ertion loss for a
single pass (dB) (mm) single pass (dB/m)
None 1.1 110 10
12.70 mm radius 2.4 100 24
7.62 mm radius 24 110 22
6.35 mm radius 5.0 110 45

3.3 High-Temperature Testing

Embedded fibers were heated to temperatures as high as 500°C to determine whether they could survive
differential thermal expansion between the fused silica fiber and the surrounding aluminum matrix. Figure
7 shows temperature and the signal amplitude at the end of the embedded region as a function of time
throughout the experiment. Results are shown for an aluminum-coated fiber embedded in a straight
aluminum channel. Figure 7 shows that the signal intensity improves as the embedded fiber is heated. The
exact mechanism for the improved signal intensity is not clear. Because the improvement in signal intensity
generally remained after cooling, the explanation for the improved signal intensity could be related to partial
annealing of residual stresses that developed after embedding. Residual stress after embedding can cause
reductions in signal intensity, as shown in Figure 2. In any case, the results shown in Figure 7 clearly show

that the fiber survived heating to temperatures greater than 500°C and the resulting thermal strain.
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Figure 7. Temperature and amplitude near the end of the embedded region as a function of time during
heating.

The expected differential thermal strain can be calculated using known thermal expansion data for fused
silica and aluminum. Using data from the CINDAS database [31], the expected thermal strains for fused
silica and aluminum at 500°C are 0.027% and 1.32%, respectively. The resulting differential thermal strain
is 1.29%. For fused silica with an elastic modulus of 73 GPa, the resulting stress is 944 MPa. Previous work
has shown that short lengths of optical fibers can have extremely high tensile strengths, with some values
as high as 14 GPa [32]. Therefore, it is not surprising that the fiber was able to survive such extreme thermal
strain. The fiber itself can be used to measure strain during heating. While the in-situ strain measurements
are discussed in detail in a separate publication [33], it is worth noting here that, including thermo-optic
effects, the measured strain in the embedded region at 500°C was approximately 1.7%. The strain due to
thermo-optic effects in fused silica at 500°C is approximately 0.4% [34]. Therefore, the measured strain of
1.7% can be compared with the expected strain of 1.29% + 0.4% = 1.69%. This excellent agreement shows
that the fiber is indeed bonded to the surrounding aluminum matrix and that the shear strength at the
fiber/coating interface and the coating/matrix interface exceeds the estimated thermal stress of 944 MPa.

4 SUMMARY

This paper summarizes some initial work that has been done to develop embedded fiber-optic sensors for
in-pile applications. The goal of this project is to use embedded fiber-optic sensors for measuring spatially
distributed temperature and strain and to use embedded fibers to measure radial dimensional change. This
paper describes work that was done to embed metallized optical fibers in aluminum using UAM, including
evaluating the proper depth of the slot in which the fiber is set prior to embedding. Embedding in curved
channels was also evaluated. It was found that light could be successfully transmitted for bend radii as small
as 6.35 mm, although reflections were observed near the location of the bend at bend radii of 7.62 and
6.35 mm. Finally, embedded fibers were heated to temperatures as high as 500°C to determine whether the
fiber could survive the strain that results from differential thermal expansion between the fused silica fiber
and the surrounding aluminum matrix. Despite expected thermal strains of 1.2%, the fiber survived heating
to 500°C and cooling to room temperature.
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