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(ABSTRACT)

The detection and active monitoring of hydrogen gas levels is essential in many areas of
industry including manufacturing, storage, and transport of this gas. Previously, methods
used to detect hydrogen gas have relied upon monolithic technologies to create resistive
based sensors which are impractical for many applications requiring electrical isolation or

operation in the presence of strong electromagnetic fields.

Materials can be sputter deposited along cylindrical optical fiber based sensors to create
novel fiber-optic chemical sensors. Herein, the mechanisms allowing the detection of
hydrogen gas using a modified Extrinsic Fabry-Perot Interferometric (EFPI) sensor are
presented in this work. A new custom designed, custom built radio frequency (RF)
magnetron sputtering system has been used to deposit thin films of palladium metal along
cylindrical substrates. The surface morphology of the deposited films are investigated
using a variety of analytical tools, including Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (AES), and Auger Electron Spectroscopy (AES).
The system is used to deposit thin films of palladium along a cylindrical EFPI fiber-optic
sensor to produce a new fiber-optic hydrogen gas sensor. Experimental results obtained in
an controlled hydrogen atmosphere are used to demonstrate the high resolution and fast

response time associated with these new hybrid sensors.
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CHAPTER 1
INTRODUCTION

1.0 Introduction

Fiber-optic sensors have been used in the measurement of strain, temperature, acoustic
emissions, and vibration.' Recently, researchers have cited the need to develop new

fiber-optic sensors for the detection of chemical species.**

Some important examples
are implanted fiber-optic sensors for monitoring blood insulin levels, sensors to monitor
corrosion, and sensors for detecting volatile gasses. Advantages of fiber-optic sensors
include their immunity to electromagnetic (EM) fields, small size, high accuracy, and

electrical isolation.’

A wide range of fiber-optic sensor configurations may be used to measure the
aforementioned parameters. Most are based on optical interferometery and are similar to
the Michelson Interferometer developed by Albert Michelson at the turn of the century.®
Interferometric sensors monitor the interference pattern generated by two waves which
are out of phase. To quantify the accuracy of optical interferometry, it is helpful to note
that a precision micrometer caliper can measure displacements down to 1/10,000th of an
inch whereas optical interferometry allows the determination of displacements on the
order of a fraction of a wavelength, corresponding to millionths of an inch.” Clearly the
accuracy of optical sensors in measuring microdisplacements far exceeds that of

mechanical measuring devices.

An interferometric sensor may be modified for the detection of a specific chemical
species through the application of a reactive coating to some portion of the device. The
purpose of the reactive coating is to produce a perturbation in the sensor when exposed to

the chemical of interest. The investigation described in this thesis will concentrate on a
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specific interferometric sensor, the Extrinsic Fabry-Perot Interferometer (EFPI), which
has been modified to detect hydrogen gas. The theory of operation and physical layout

of the sensor is presented in Chapter 2.

Important hydrogen sensor applications include the following; 1) determination of the
hydrogen concentration dissolved in liquids, 2) detection of hydrogen gas leaks from
storage facilities and in industrial processes, 3) corrosion monitoring where byproducts
of corrosion include hydrogen gas, and 4) intra-arterial sensors for monitoring hydrogen

ion concentration in the blood.

The following section provides an overview of conventional hydrogen gas sensors.
Section 1.2 presents work which has been conducted in the area of fiber-optic hydrogen
sensors. The research objectives of this investigation are presented in Section 1.3.
Section 1.4 outlines the organization of this report, and Section 1.5 includes a general

summary and conclusions.

1.1 Conventional Methods for the Detection of Hydrogen Gas

Hydrogen sensing can be accomplished through a variety of means including resistive,
electrochemical, and optical methods. Many hydrogen sensors use the changing physical
properties of palladium, which result when the metal is exposed to changing
concentrations of hydrogen gas, to gather information about hydrogen partial pressure.
Hydrogen gas is easily absorbed at the surface of a palladium sample, resulting in the
formation of palladium hydride. The gas diffuses through the palladium lattice, causing
changes in resistance as well as dimensional changes in the metal. The amount of
hydrogen contained in a given sample of palladium is proportional to the amount of
hydrogen present in the surrounding atmosphere, thus providing a basis for measuring

hydrogen partial pressure.
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Palladium has the unique advantage of possessing a high hydrogen solubility at low

temperatures when compared with the other transition metals as shown in Figure 1-1.
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Figure 1-1. Solubility of hydrogen in elements of the transition metals.®

It is because of this high hydrogen solubility that palladium and palladium alloys have

been used to manufacture hydrogen sensors.

In 1869, Thomas Graham was the first to observe a marked increase in the resistance of
palladium samples which had been heated in a hydrogen atmosphere.® In 1904,
McElfresh and Fischer performed similar experiments which allowed them to associate
the increase in resistance of a palladium sample to a corresponding increase in the partial

pressure of hydrogen gas surrounding the sample.*
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Recently, McWhorter ef al. has used palladium-nickel alloys to fabricate a monolithic
hydrogen sensor.>'® The sensor is capable of measuring hydrogen concentrations in the
parts-per-million (ppm) range, but suffers several drawbacks. Specifically, the sensor is
temperature sensitive and can not be used to monitor hydrogen concentrations in liquids.

Additionally, sensor performance is degraded in the presence of strong EM fields.

1.2 _Recent Work Involving Fiber-Optic Based Hydrogen Gas Sensors

Palladium-hydride has a lattice parameter greater than that of pure palladium and
proportional to the partial pressure of hydrogen in the surrounding media. Fiber-optic
hydrogen sensors described in the literature use interferometric techniques to detect the
dimensional changes which accompany the formation of palladium hydride. A
quantitative discussion of the properties of palladium metal and the mechanisms

accompanying the formation of palladium hydride is presented in Chapter 2.
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Figure 1-2. Mach-Zhender interferometer for the detection of hydrogen gas’
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