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Abstract

Electric vehicles and photovoltaic power generation are two of factors that are
increasing the demands on the electrical grid. To cope with these challenges
and to improve grid stability, the development of a transformer monitoring
system as a fundamental part of the smart grid is necessary. Dissolved hydro-
gen in the transformer oil can serve as a primary indicator of the transformer
health. Depending on the hydrogen concentration and rate of increase the
transformer can be diagnosed.

The goal of this thesis was to develop a highly sensitive hydrogen sensor
for online health monitoring of transformers.

The developed sensors are based on palladium and fiber Bragg gratings
(FBG). Palladium expands with hydrogen absorption and this expansion is
measured with an FBG. Detailed guidance for optimizing the sensor design
is given. First, the selection of the working temperature is discussed. Second,
the influence of the palladium geometry on the sensitivity is elaborated: by
varying the cross-sectional area ratio of palladium to fiber the sensitivity can
be tuned. Two different options to attach palladium are discussed: vapour de-
position of palladium and adhesive bonding of palladium foils. The sensitivity
of the palladium foil sensors was improved by improved manufacturing pro-
cesses. The foil sensor have a sensitivity of up to 295 pm/% hydrogen and a
resolution of 0.006% hydrogen in gas atmosphere at 90◦C and 1060 mbar.

To further increase the hydrogen sensitivity two concepts for amplification
of the signal are presented. One relies on palladium silver foils, which have
an increased hydrogen solubility and therefore expansion compared to pure
palladium, which achieved an increase in sensitivity of a factor of 17. This
leads to sensitivity of over 4500 pm/% hydrogen, which is the most sensitive
hydrogen sensor reported so far. The other concept relies on a novel concept
for strain concentration using a pre-strained palladium foil and FBG, which
achieved an amplification of a factor of 2.5.

The sensors were characterised in gas and oil environment in a newly de-
veloped setup which is stable in pressure, temperature and gas concentration.
In gas the sensors were tested at 60, 75, 90, 105, and 120◦C and for a hydrogen
concentration range of 0.01 (100 ppm) to 5%. In oil the sensor was tested at
90◦C and for a hydrogen concentration range of 5- 4000 ppm dissolved hydro-



gen. Furthermore, the influence of carbon monoxide (CO) on the hydrogen
sensitivity was examined. A slowed response could be observed, but CO had
no impact on the precision of the sensor.

Finally, the hydrogen calibration of the sensor is discussed by investigat-
ing the strain transfer between expanding palladium and fiber. Three different
methods are elaborated to determine the coefficient of strain transfer: (a) via
hydrogen measurement, (b) via temperature measurement, and (c) via strain
measurement. Methods (a) and (b) were applied directly on the hydrogen sen-
sor, and gave similar results. Method (c) was applied on a reference structure
and used to verify method (b).

A hydrogen sensor suitable for transformer health monitoring has been
developed and characterised, and is currently being implemented in a trans-
former in the New Zealand network.
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Chapter 1

Introduction

Active asset management is of increasing importance for electrical grid com-
panies because of growing demands of users. e.g., more photovoltaic and elec-
tric vehicles [56]. Some of the main - and most costly - components of the grid
are distribution and power transformers. The health status of a transformer
can be assessed by dissolved gas analysis (DGA) [68]. Gases are generated in
the transformer during faults and subsequently dissolve into the oil. Hence,
dissolved gas concentration can be correlated to the transformer health status.
Conventionally, oil samples are taken at given time intervals e.g., annually and
analysed in a laboratory for their dissolved gas concentration. A more recent
approach is to monitor the gases online. DGA is mainly performed on large
and expensive power transformers, and rarely on less expensive and smaller
distribution transformers [106].

1.1 Motivation

Several manufacturers provide devices for online DGA. However, due to their
cost, those devices are exclusively installed on larger, expensive power trans-
formers. Inexpensive solutions which could satisfy the market as a monitoring
systems for smaller and less costly distribution transformer are not available
commercially. In a project with our industry partner ETEL Limited, Auckland
we focussed on the development of a cost effective, fiber optic hydrogen sensor
for the health monitoring of transformers.

1.2 Problem statement

Hydrogen is the most significant fault gas in a transformer and is generated
during both normal operation, and especially during thermal and electrical
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Figure 1.1: Performance criteria of the research and development process

faults (e.g., partial discharge, overheating) and thus can serve as a primary
health indicator [68].

Different concepts of hydrogen sensors have been reported [65]. Optical
fiber sensor (OFS) have the advantage of being intrinsically safe in combustible
gases, not breaking the electrical insulation and being insensitive to electro-
magnetic noise [65], all aspects which are crucial for an implementation in a
transformer. Palladium is often used as a sensing element. Palladium dissoci-
ates the molecular hydrogen on its surface, before atomic hydrogen is absorbed
in the bulk. The absorption leads then to the expansion of the lattice [82]. One
concept of OFS relies on measuring this expansion of palladium with a fiber
Bragg grating (FBG).

Recent reports of some palladium based FBG hydrogen sensors for DGA
use thin palladium coatings to deliver a fast response [71,91] . However, DGA
usually does not require fast response time due to the relatively slow produc-
tion of hydrogen in the transformer. A response time of hours or even days
would be acceptable as standard sampling intervals are rarely shorter than
weekly [49]. More important is an accurate reading of the hydrogen concentra-
tion and the rate of increase to determine the health status of a transformer [68].
Therefore, for this application the sensitivity of the sensor is our main opti-
mization parameter. A highly sensitive sensor (large wavelength changes),
would also allow the use of a low-cost FBG interrogator with a lower wave-
length stability compared to expensive, high-end laboratory equipment.

Early on in the project, performance criteria were defined to help guide
through the sensor development process. Three classes of performance cri-
teria were identified (see Figure 1.1): customer requirements, environmental
conditions, and sensor properties.

The customer requirements were defined and agreed with ETEL Limited:
Following the IEEE [68] and IEC [67] standard a dissolved hydrogen sensing
range of 50– 2000 ppm is desirable. The resolution of the sensor should be
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5 ppm/ pm for concentrations below 100 ppm hydrogen and 10 ppm/ pm
for concentrations above. This resolution would allow the use of a low-cost
interrogator.

The environmental conditions are give by the transformer environment:
The hydrogen concentration in small distribution transformers is reported to
be as high as 20,000 ppm [106], the temperature can range from 25-120◦C and
other dissolved gases (e.g., carbon monoxide) are present. The developed sen-
sor should withstand these conditions. Additionally, the sensor should be
able to measure dissolved hydrogen in oil, and gaseous hydrogen in the trans-
former head-space.

Palladium and FBG, both have characteristic properties which can impact
the sensor’s hydrogen sensitivity, temperature cross-sensitivity, and durabil-
ity. Temperature influences the hydrogen solubility in palladium and thus the
expansion. Additionally, palladium undergoes a phase change (depending on
temperature and hydrogen partial pressure) which has to be avoided to guar-
antee sensor stability. Finally, FBGs are not only excellent strain sensors but
also highly sensitive to temperature changes.

In conclusion, the sensor requirements and specification can be summarised
as follows: the sensor should be highly sensitive in gas and oil in a range from
50– 2,000 ppm dissolved hydrogen and stable in concentrations up to 20,000
ppm, it should be selective and have a low cross-sensitivity to other gases
and temperature. Of course, the sensor should be fully reversible in response,
durable, and cheap [115].

1.3 Approach

The approach for the sensor development was as follows. First, different sen-
sor designs were developed and tested in gas. Then, the design with the
best performance was selected and fully characterised (using several hydrogen
concentrations and at different temperatures) in gas and oil environment. The
main test conditions were defined together with our industry partner ETEL:
90◦C, which is over the average working temperature of a transformer and
just below the temperature of increased oil degradation [102], and 1060 mbar
which can be assumed to be the average pressure in a transformer.

Initially, a conventional approach was followed for the sensor design: coat-
ing a fiber with palladium. An increase in sensitivity was attempted by de-
creasing the fiber diameter with etching (down to 85 µm) and increasing the
coating thickness (up to 1600 nm). However, the desired sensitivity was not
reached. These results were consistent with our theoretical model. Our cal-
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culation predicted that a coating thickness of tens of micrometers would be
required to achieve the desired sensitivity. Since the coating process for such
thickness would take days and the outcome (layer stability, delamination) was
questionable, alternative solutions were needed. These were found in palla-
dium foils that are adhesively bonded to a fiber. After initial testing and proof-
ing of the principle, several sensor concepts with different foil thickness were
designed and corresponding manufacturing processes were developed. The
most suitable sensor for the integration in a transformer proved to be based
on a 100 µm palladium foil, which was fully characterised in both gas and oil
environments.

Over the course of this thesis different factors that influence the hydrogen
sensitivity were identified. These factors are shown in a cause and effect di-
agram in Figure 1.2 and can be categorised as follows. The sensing Environ-
ment influences the sensitivity via the hydrogen partial pressure and the tem-
perature, but also via whether the hydrogen is dissolved in a liquid, or in gas
(see Sections 2.1.5, 2.2.4, 2.2.5, and 4.1.1). The palladium Geometry affects the
sensitivity via the cross-sectional area ratio of palladium to fiber, and possible
strain concentration variation (see Section 4.1.2, and 4.1.3). The Transducer
(strain sensor) inherently limits the hydrogen sensitivity via its strain sensi-
tivity (see Section 2.4). The sensor Material (Palladium, or palladium alloy)
affects the sensitivity via its volumetric expansion, which depends on the hy-
drogen solubility and thus on alloying materials (see Sections 2.2.5, and 4.1.3).
The Strain transfer between expanding palladium and fiber depends on the
adhesion between the palladium, fiber, the adhesive (mechanical) properties
and the bond line thickness (see Section 4.2, and 4.3). The Signal to Noise
ratio influences the sensitivity directly via the temperature cross-sensitivity of
the sensor and the wavelength stability of the interrogating equipment (see
Section 3.3.2).

1.4 Contribution of the thesis

The research contribution of this work can be divided into three categories:
sensor parameter optimization, sensor design and manufacturing, and sensor
calibration.

The sensor parameter optimization include the selection of the working
temperature of the sensor to avoid the phase change region, and the selection
of the palladium geometry to achieve a desired sensitivity.

The sensor design and manufacturing include the sensor designs that have
a palladium foil attached to the fiber, a manufacturing process for wrapping
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Figure 1.2: Cause and effect diagram of the factors that influence the hydrogen
sensitivity of palladium based sensors.

palladium foil around a fiber, and using vacuum bagging as a method to attach
a foil to a fiber. Furthermore, a novel sensor concept with a pre-strained FBG
and palladium foil is presented.

The sensor calibration includes the calibration of the sensor via a coeffi-
cient of strain transfer. This coefficient can be determined via three methods:
hydrogen measurement, temperature measurement and strain measurement.
The findings allow the hydrogen calibration of the sensors via a single hydro-
gen measurement, or via a temperature sensitivity calibration. In addition, a
concept for in situ strain calibration of surface bonded FBGs via temperature
calibration is shown.

During the course of this thesis several publications have been prepared:
one patent application, three accepted conference papers, and three accepted
journal papers (two further journal papers are in preparation). A list of the
conference and journal publication is given below. Several passages and fig-
ures, that were published, or are currently in preparation for publication have
been directly reused or were reproduced for this thesis.

The journal papers are:

1. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Stefaan Janssens,
Arvid Hunze, ”Palladium based hydrogen sensors using fiber Bragg grat-
ings”, Journal of Lightwave Technology, 2017.
DOI: 10.1109/JLT.2017.2713038

2. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Arvid Hunze, ”Op-
timizing the sensitivity of palladium based hydrogen sensors”, Sensors
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and Actuators B: Chemical 259, 2018, 10–19.
DOI: 10.1016/j.snb.2017.11.180

3. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Arvid Hunze, ”Im-
proving the sensitivity of palladium based fiber optic hydrogen sensors”,
Journal of Lightwave Technology, 2018. (Accepted for publication)

4. Maximilian Fisser, Rodney A. Badcock, Chris W Bumby, Paul D. Teal,
Arvid Hunze, ”In situ strain calibration of fiberoptic sensors via temper-
ature calibration”, Journal of Lightwave Technology, 2018. (In prepara-
tion)

5. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Arvid Hunze, ”Highly
sensitive fiber optic hydrogen sensor for health monitoring of transform-
ers”, Sensors and Actuators B: Chemical, 2018. (In preparation)

The conference papers are:

1. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Arvid Hunze, ”Pal-
ladium based hydrogen sensors using fiber Bragg gratings”, Proc. SPIE
10323, 25th International Conference on Optical Fiber Sensors, 103231X,
2017. DOI: 10.1117/12.2262383

2. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Adam Swanson,
Arvid Hunze, ”Development of hydrogen sensors based on fiber Bragg
grating with a palladium foil for online dissolved gas analysis in trans-
formers”, Proc. SPIE 10329, Optical Measurement Systems for Industrial
Inspection X, 103292P, 2017. DOI: 10.1117/12.2267091

3. Maximilian Fisser, Rodney A. Badcock, Paul D. Teal, Arvid Hunze, ”Op-
timizing the sensitivity of palladium based fiber optic hydrogen sen-
sors”, 3rd Australian and New Zealand Conference on optics and pho-
tonics, 2017. (Proceedings not published yet)

The patent application was filed on the 30th of September 2016, but was
not published before submission. It can be found under New Zealand patent
number 734975.

1.5 Structure of the thesis

The thesis is organized in ten chapters as follows:
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Chapter 2 gives a literature review and presents background knowledge:
Existing literature regarding hydrogen sensors in transformers, the fundamen-
tals of the palladium hydrogen system, different concepts of hydrogen sensors,
and the basics of fiber Bragg gratings are presented. This enables the reader to
better understand the work in the context of the current literature.

Chapter 3 introduces the materials and methods used in this thesis. All
relevant materials and processes that were used to manufacture the sensors
are described. The equipment to interrogate the sensors is presented and the
data processing approach is explained. Finally, the test setups are described.

Chapter 4 discusses the sensor design. First, the sensor optimization pa-
rameters are discussed: the selection of the working temperature to avoid
phase change, the selection of the palladium geometry to achieve a desired
sensitivity, and concepts to amplify the signal to increase the sensitivity. Sec-
ond, the sensor design and manufacturing of thin film (coated) sensors, newly
developed foil sensors, and a new sensor concept with a pre-strained FBG are
described. Finally, the calibration of the sensor via the coefficient of strain
transfer is explained.

Chapter 5 presents the results of a coated sensor and the newly developed
foils sensors. The sensor designs are compared in terms of response time and
sensitivity. Furthermore, the theoretical and actual sensitivity are compared.

Chapter 6 presents the results of the second generation of foil sensors. The
results show that the improved manufacturing methods increase the sensitiv-
ity of the sensors.

Chapter 7 presents the results of sensor concepts that amplify the signal to
increase the hydrogen sensitivity. The evaluated sensors concepts are a pal-
ladium silver foil sensor and an original sensor concept using a pre-strained
FBG and palladium foil.

Chapter 8 presents the results of the characterisation of the 100 µm palla-
dium foil sensor. The sensor is characterised in hydrogen mixtures of 0 to 5%
and temperatures from 60–120◦C. Furthermore, the cross-sensitivity to carbon
monoxide is analysed. Finally the sensor is characterised in transformer oil at
90◦C for dissolved hydrogen concentrations from 0 to around 4500 ppm.

Chapter 9 investigates the coefficient of strain transfer and its influence on
the hydrogen calibration of the sensor. Three different ways to determine the
coefficient are given: via hydrogen, via temperature, and via strain measure-
ment. Furthermore, the influence of the coefficient of strain transfer on the
accuracy is discussed.

Chapter 10 summarizes the work presented in this thesis, draws a conclu-
sion and discusses potential, future work.
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Chapter 2

Literature review

In this chapter, the necessary background knowledge is explained. Firstly, dis-
solved gas analysis is elaborated, by discussing voltage transformers, faults
that occur during their use, gases that are generated as a consequence of these
faults, and how they dissolve into the oil. Secondly, the palladium hydrogen
system is elaborated, by discussing hydrogen in metals in general, hydrogen
absorption in palladium, the resulting material property changes, and gases
that inhibit the hydrogen absorption. Thirdly, different concepts of hydrogen
sensors are discussed. Finally, fiber Bragg gratings (FBG) are elaborated.

2.1 Dissolved gas analysis

Dissolved gas analysis (DGA) is a method that electrical grid companies have
used to maintain transformers and determine their health status since the 1970s
[46]. A fitting analogy is given by Duval [46] who compares DGA to a blood
test: an oil (blood sample) is taken and sent of to a laboratory. With the re-
turning results the operator (doctor) can determine the health status of the
transformer (patient) and initiate maintenance (treatment). DGA can be bene-
ficial because, if a fault is detected early, the transformer can be examined and
possible future faults and failure may be prevented [66].

This section covers the transformer basics, faults that occur in a transformer,
and the generation of gases due to these faults.

2.1.1 Transformer basics

Transformers are an essential part of the electric grid; transforming the voltage
up or down for low loss transmission (power transformer) and transforming
the voltage down for distribution (distribution transformer) to the end-user.
The two transformer types also have different power ratings. Distribution

11



12 CHAPTER 2. LITERATURE REVIEW

transformer are in the range of 50 -1600 kVA whereas power transformers have
a rating greater 2 MVA [57]. Transformers change the voltage by generating a
magnetic field with a coil that subsequently induces a voltage in another coil.
Thus, the coils need to be electrically insulated. Conventionally the insulation
is achieved by mineral oil and paper [63]. The oil also serves the purpose of
a cooling liquid transferring the heat generated by the coils through convec-
tion. Conditional on usage, power transformers operate under higher loads,
are larger in size, and have a larger oil volume, than distribution transformers.

2.1.2 Faults in transformers and gas generation

Faults frequently occur in transformers. A fault is an unplanned, undesirable
event that finally could cause failure. These faults can be categorized as electri-
cal faults (partial discharge, arcing) and thermal faults (excessive temperature
rise) [66].

Faults cause decomposition of the oil. Mineral oil is composed of different
hydrocarbon molecules, and their break down causes the formation of gases
[66]. The type of gases formed depends on the fault. Low-energy faults (e.g.,
partial discharge) mainly cause the formation of hydrogen by breaking down
the carbon-hydrogen bond. High energy faults (e.g. arcing) cause the forma-
tion of new hydrocarbons (e.g., methane, ethylene, acetylene, and ethane) by
breaking down the carbon-carbon bond. Furthermore, most high energy faults
also generate hydrogen [47].

Faults can also cause the decomposition of the insulating paper [66]. The
gases formed due to the decomposition of the paper are mostly carbon monox-
ide and carbon dioxide. [66, 68].

2.1.3 Hydrogen as the main fault gas

Of all the generated and initially present gases, nine are analysed in a DGA
[66, 68]: Hydrogen, methane, acetylene, ethylene, ethane, carbon monoxide,
carbon dioxide, nitrogen, and oxygen.

Hydrogen can serve as primary indicator of the overall transformer health,
since it is formed during most faults rather than being limited to a specific
fault. In addition, usually low energy faults, which generate mainly hydro-
gen, exist over a period of time before higher energy faults occur, which can
possibly lead to failure of the transformer [66].
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2.1.4 Hydrogen concentration and rate of increase

DGA values are given in µL/L or ppm of dissolved gas. The status of a power
transformer can be divided into 4 conditions depending on the hydrogen con-
centration. Normal hydrogen concentration in a power transformer is around
100 ppm and failure can be expected for values higher than 1800 ppm [66, 68].

Apart from the absolute hydrogen concentration the rate of increase is of
importance, since the rate can give an indicaton of whether the fault has stoped,
or is still occuring, or even growing [66]. In power transformers normal rates
of increase are 88 ppm/ year and can go up to 725 ppm/ year just before fail-
ure [49].

The afformentioned values are for large power transformers. In smaller dis-
tribution transformers a higher concentration can be expected due to a smaller
oil volume [68] (see Section 2.1.1). Though not many studies regarding the dis-
solved gas concentration in distribution transformers can be found, a large
scale investigation of DGA values of distribution transformers in the USA
showed that hydrogen levels up to 2000 ppm are normal in distribution trans-
former with levels reaching up to 27000 ppm before failure [106].

The hydrogen concentration and rate of increase also determines how often
a DGA is performed. Suggested sampling intervals are in the range of annual
for a normally operating power transformer (low concentration and rate of
increase) to daily for abnormally operating (very high concentration and rate
of increase) [68]. Only for abnormally operating power transformers in the
transmission grid or at nuclear power plants are hourly sampling intervals
suggested [49].

2.1.5 DGA precision

The precision of DGA measurements can be critical and the uncertainty of the
results can be high. This is because, firstly, there are different methods to sam-
ple and to extract the gases from the oil [48, 67]. Secondly, the time between
sampling and analysing can have an impact on the accuracy, as gases can dif-
fuse out of the oil. Thirdly, the accuracy of the gas chromatograph has an in-
fluence. Fourthly, the measured concentration in the gas phase is correlated to
the dissolved gas concentration in the liquid phase via the Ostwald coefficient
kOst. which depends on the temperature and type of oil [66].

kOst. =
concentration of gas in liquid phase

concentration of gas in gas phase
(2.1)

Ostwald coefficients for different temperatures and different oils found in
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the literature are 0.043 [68], 0.05 [100], and 0.056 [66] at 25◦C and 0.92− 0.97 at
70◦C [100].

All these factors increase the uncertainty of the measurement and lead to
a precision of 5% for DGA values larger than 10 times the analytical detec-
tion limit and 20% for values below that [67]. Lelekakis et al. compared five
laboratories and found deviation of up to 45% for an oil sample with 10 ppm
dissolved hydrogen [81] .

2.1.6 Online dissolved gas analysis and commercial solutions

Online DGA devices are directly connected to the transformer and measure
the dissolved gases continuously. Several commercial solutions are available
(see Table 2.1). All systems analyse hydrogen, with some analysing all nine
fault gases. For hydrogen detection either gas chromatography, photo acoustic
spectrocopy, resistance based sensors, thermal conductivity detectors, or elec-
tro chemical sensors are used. [31, 50]

The maximum range of a sensor for hydrogen is 0 to 50 000 ppm with most
sensors in the range of 20 to 5 000 ppm (compare Table 2.1). The gas chromato-
graph has the highest accuracy with 2 ppm, or 5% (whichever is higher). Most
sensors have an accuracy of 25 ppm, or 20% (whichever is higher)

The sampling interval of the gas chromatograph type monitors is between 1
and 12 hours [101,122] with a 95% response to a step increase after 1 hour [101].

The response time for the resistance based sensors is faster than 60 minutes
[123] to 17 hours [136] for a 90% response to a step increase. The thermal
conductivity detector is advertised as significantly faster with 10 minutes for a
90% response [53].

The cost of the listed systems is high, and thus they are mainly used for
power transformers. A cost-effective solution for distribution transformers is
desirable and its development is the aim of this thesis.

2.2 The palladium hydrogen system

Hydrogen, the smallest atom, is absorbed in several metals. The most reactive
metal, however, is Palladium. Palladium not only serves as a catalyst and
dissociates molecular hydrogen into atomic hydrogen, but also absorbs large
quantities of the atomic hydrogen. The absorbance of hydrogen in palladium
was first reported by Graham in 1869 [60]. A first review of the palladium-
hydrogen system was given by Lewis in 1967 [82]. A more extensive summary
of metal-hydrogen systems, including palladium and its alloys was given by
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Table 2.1: Commercial online DGA solutions. Sensor type: Gas chromatograph
(GC), photo acoustic spectroscopy (PAS), resistance based sensor (RS), thermal
conductivity detector (TCD), or electro chemical sensor (ECS). Range in ppm
accuracy in ppm/ % (whichever is higher).

Model Sensor type Range (ppm) Acc.(ppm/ %)

Calisto 5 / Calisto 9 [50, 101] GC 0.5-20 000 -/5

SERVERON TM8 [121] GC 3-3 000 3/5

Siemens GAS-Guard [122] GC 2-3 000 2/5

GE kelman minitrans [50, 55] PAS 5-5 000 5/10

ABB coresense [1, 2] SSS (Pd alloy) 25-5 000 25/20

Calisto, Calisto 2 [31, 50, 101] TCD, membrane 2-50 000 5/5

GE Hydran M2 [54] ECS, membrane 0-2 000 25/10

GE Hydran 201Ti [53] ECS, membrane 0-2 000 25/10

QUALITROL DGA 150 [50, 113] RS (Pd/Ni) 50-5 000 25/20

SERVERON TM1 [50, 120] RS (Pd/Ni) 20-10 000 20/15

Siemens Sitram H2Guard [123] RS (Pd/Ni) 25-5 000 25/20

Vaisala MHT410 [136] RS (Pd/Ni) 20-5 000 25/20

Weidmann InsuLogix H [142] RS (Pd/Ni) 20-5 000 25/20
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Alefeld et al. in 1978 [6, 7]. In this section we explain the effect of hydrogen
absorption in metals and in detail in palladium, the material property changes
that come along with the absorption, and the effect other gases have on the
hydrogen absorption.

2.2.1 Hydrogen in metals

Hydrogen is absorbed in several metals (e.g.: iron, steel, niobium, tantalum,
vanadium, nickel, and palladium and several of their alloys [6]). The absorp-
tions always causes an expansion of the lattice. Palladium is often chosen as a
sensing material, because, unlike to most other metals, the palladium hydride
is formed at ambient conditions (low pressure and temperature) [3].

2.2.2 Hydrogen in palladium

Molecular hydrogen is dissociated into its atoms on the palladium surface, be-
fore diffusing into the palladium lattice. There, the hydrogen atoms randomly
occupy octahedral sites, until an equilibrium with the surrounding medium
is reached. The amount of hydrogen in the palladium lattice at equilibrium is
described with the ratio n of dissolved hydrogen atoms to palladium atoms. n
increases with increasing pressure (hydrogen partial pressure) and decreasing
temperature. [7]

2.2.3 Hydrogen absorption

The absorption can be divided into three sub processes: the adsorption of
molecular hydrogen on the palladium surface (2.2), the dissociation of ad-
sorbed, molecular hydrogen into atoms (2.3), and the absorption of atomic
hydrogen into the palladium lattice (2.4) [7].

H2, gas 
 H2, ad (2.2)

H2, ad 
 2Had (2.3)

Had 
 Hab (2.4)

Of the 3 steps, step 2 ,the dissociation of adsorbed, molecular hydrogen is the
rate determining step of the absorption [7].
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The diffusion rate by itself can be calculated with the differential diffusion
equation:

dn

dt
= D

d2n

dx2
(2.5)

where n=H/Pd (mole ratio), D is the diffusion coefficient (m2/s) and x is the
location in the palladium relative to the surface. The diffusion coefficient fol-
lows the Arrhenius behaviour and can be calculated as [6, 20, 85]

D = D0e
− Ea

RT

where D0 is the diffusion coefficient of hydrogen in m2/s, Ea is the activation
Energy J/mol, R is the general gas constant in J/molK and T is the tempera-
ture in K. Reported values for D0 range from 3.9×10−9 m2/s for thin films [85]
to 5.7×10−7 m2/s for bulk material [23]. Reported values for Ea range from
37.4 kJ/mol for thin films to 22.2 kJ/mol for bulk material [85]. Alefeld et al.
compared 25 different studies and found 2.9×10−7 m2/s for D0 and 22.2 J/mol
for Ea to be the best fit [6].

Equation 2.5 can be solved with the initial condition n = 0, Dirichlet bound-
ary condition c = 1 (constant hydrogen concentration on the palladium surface
at all times) and separation of variables to obtain [112]:

n(x, t) = co

(
1− 2

π

∞∑
z=1

1− (−1)z

z
sin(

zπx

δ
) exp

(
−D(

zπ

δ
)2t
))

(2.6)

where δ is the thickness of the sample, x is the position and t is the time in
seconds.

Using equation (2.6) the hydrogen diffusion in a 100 µm palladium foil is
simulated and shown in Figure 2.1. Hydrogen is fully diffused into the center
(50 µm) of the foil in less than 30 seconds.

However, as mentioned, the dissociation and not the diffusion is the rate
determining step of the hydrogen absorption. The absorption rate (taking the
dissociation as the rate determining step into account) for small n - where Siev-
erts’s law is applicable - can be calculated according to Auer and Grabke [13]:

ν =
δ

2 · VPd
· dn
dt

(2.7)

where ν is the reaction rate (molH/cm2sec), δ is the thickness of the sample
and VPd is the molar volume. ν is given by

ν = k · pH2
1

1 +K · n
− k′ K · n2

1 +K · n
(2.8)
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Figure 2.1: Solution to the diffusion equation for a 100 µm palladium foil with
D=1.85× 10−10m2/s at 90◦C.

where K is Sieverts’s constant and k and k’ are the rate constants for absorption
and desorption. The first term is representative for the absorption process and
the second term for the desorption process. When both terms are equal the
palladium hydride is in a state of equilibrium.

The solution of equation (2.8) is the absorption time given by:

t =
δ

2 · VPd


tanh−1

(√
K · k′n√
k · p

)
√
k · k′ ·K · pH2

− log(k · pH2 − k′ ·K · n2)

2 · k′

+ IC (2.9)

where IC is the constant of integration.
With equation (2.9) the absorption time can be calculated depending on

temperature, hydrogen partial pressure and sample thickness. The absorption
time at 90◦C, and 50 mbar hydrogen partial pressure for a 100 µm palladium
foil is around 20 minutes and given in Figure 2.2. The results of equation (2.9)
can be well approximated with an exponential decay function in the pressure
and temperature range relevant for this thesis (R2 > 0.999).

2.2.4 The phase diagram

The palladium-hydride occurs in two different phases below the critical tem-
perature of 293◦C [98]: the α- and β-phase. The formation of the phases depend
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Figure 2.2: Absorption time calculated with equation (2.9) at 90◦C, and 50 mbar
hydrogen partial pressure for a 100 µm palladium foil.

on the hydrogen partial pressure, the temperature and the mole ratio of hydro-
gen to palladium n=H/Pd. The phase diagram with several isotherms is given
in Figure 2.3.

The α-phase forms at low n and exists exclusively up to n = αmax. αmax in-
creases with increasing temperature. Above αmax, the β-phase starts to form
and coexist. In this so called miscibility gap, n increases at constant hydro-
gen partial pressure and temperature up to n = βmin. At βmin the β-phase is
exclusively present and n increases with increasing hydrogen partial pressure
at constant temperature. [7]

Both, the α- and β-phase, are solid phases. However, they can be distin-
guished by the lattice constant. The lattice constant for palladium is 3.890 Å
(n = 0), in the α-phase it is 3.894 Å (n = αmax), and in the β-phase it is 4.025
Å (n = βmin). The increased lattice constant causes an increased hydrogen sol-
ubility, which explains the increase of n at constant hydrogen partial pressure
and temperature in the miscibility gap. [7]

Above the critical temperature, there is no distinction between the two
phases and the hydride exists in a homogeneous solid solution [7, 98]. Below
the critical temperature hysteresis can be observed, when n = αmax is exceeded.
The hysteresis is an effect from the extensive deformation due to the large vol-
ume changes during the phase change [98]. This deformation can be severe
and a significant, irreversible plastic deformation of palladium foil specimen
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Figure 2.3: Phase diagram. Adapted from [82].

after several cycles between the phases has been observed [82]. If the phase
change is avoided, the absorption process is fully reversible [82].

The phase change and the irreversible deformation can be avoided by alloy-
ing certain metals [82], e.g., for palladium silver with an silver content larger
than 30% the phase change is avoided at normal temperatures. The critical
temperature is 144◦C, 63◦C, and -91◦C for 10, 20 and 30% alloyed silver respec-
tively. However, hysteresis can still be observed at higher silver contents [25].

2.2.5 Hydrogen solubility in the α-phase

A large body of work has been done on experimentally determining the corre-
lation between pressure, temperature and the ratio n predominantly for high
pressures and temperatures [6, 7, 82, 98] . Two main studies can be cited de-
scribing the α-phase at temperatures below 100◦C [126, 144]. Selected results
are shown in Figure 2.4.

One approach to calculate n is via Sieverts’s law, which describes the gas
solubility in metals [24] and is

√
PH2 = K · n (2.10)

where pH2 is the pressure in torr and K is the Sieverts’s constant. K at 30◦, 60◦,
and 90◦derived from experimental data is 353, 500, and 669 torr0.5 respectivly
[25]. However, Sieverts’s law is only valid at very low ratios n [25, 126, 144].
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Figure 2.4: Phase diagram at low temperatures and low pressures. With ex-
perimental data from Wicke and Nernst at 50◦C (•) , and 75◦C (N), and from
Simons and Flanagan at 50 ◦C (◦) , 75◦C (M), and 90◦C (�) [126, 144]. Also
displayed as lines are calculated results using (2.11).

Larcher developed a more complex thermodynamic model for the hydro-
gen solubility [78]. Simons and Flanagan adapted the model to fit their exper-
imental results. The equation obtained is

ln(p) = 13.04− 2327

T
− 11110 · n

T
+ 2 · ln

(
n

1− n

)
(2.11)

where p is the pressure in atmosphere, and T is the temperature in Kelvin.
The results of the calculation are shown in Figure 2.4 and describe the exper-
imental results well. Furthermore, to compare (2.10) and (2.11) the results of
both equations for different temperatures are shown in Figure 2.5. The results
of both equations clearly diverge for n > 0.010. Nevertheless, Sieverts’s law
seems to be an appropriate approximation solution up to n = 0.010 as the de-
viation is small, however it is inaccurate for n > 0.010.

Certain palladium alloys have a higher hydrogen solubility (higher n at
constant temperature and hydrogen partial pressure) than pure palladium [82].
Palladium silver for example, has an increased hydrogen solubility at low n

(n <0.25, silver<30%, 50◦C) [25]. The increase in solubility can be quantified
with (2.10) and Sieverts’s constant for different alloys. In Table 2.2 Sieverts’s
constants for palladium silver alloys with different silver content are listed.
Sieverts’s constant decreases with increasing silver content which means n and
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Figure 2.5: Phase diagram. Calculated values according to (2.10) (dashed lines)
and (2.11) (solid lines) at 30◦C, 60◦C, and 90◦C.

Table 2.2: Sieverts’s constant of palladium with different silver content at 30◦C,
60◦C, 90◦C derived from [25].

Temperature 30◦C 60◦C 90◦C

Pd 353.2 500.3 668.6

Pd90/Ag10 49.0 93.5 160.5

Pd80/Ag20 20.5 41.3 74.2

Pd70/Ag30 8.5 19.4 39.0

the solubility increase with increasing silver content.

2.2.6 Changes in material properties

With the absorption of hydrogen, the palladium lattice expands and the mate-
rial properties are changed.

The volumetric expansion is linear over a large ratio n (n < 0.7) and rel-
atively independent of alloying materials (silver, platinum, copper, irridium,
gold) [16]. Alefeld compares several studies and finds that the relative volu-
metric expansion is well described by

∆V

V
= n(0.19± 0.01) (2.12)
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Furthermore, with hydrogen absorption the optical, mechanical, and elec-
trical properties of palladium are changed, e.g., the reflectance decreases, whereas
the transmission and refractive index increase with increasing hydrogen ab-
sorption [14]. The Young’s modulus decreases and the thermal expansion co-
efficient increases with increasing hydrogen absorption [61, 82]. And finally,
the electric resistivity increases with increasing hydrogen absorption [82].

2.2.7 Inhibiting gases

Palladium selectively absorbs hydrogen [3, 4]. However, several other gases
can have an influence on the adsorption of hydrogen on the palladium surface
and therefore inhibit the absorption. The following gases have been reported
to have an effect on the hydrogen absorption: O2, CO, CO2, H2O,H2S, and
SO2 [5, 9, 10, 33, 39, 58, 69, 105]. Of those CO and H2S have the most significant
impact, but normally only CO is present in a transformer.

Surface investigations at ultra high vacuum (UHV) and low temperatures
have shown that CO adsorbs to the palladium surface occupying palladium
atoms and blocking hydrogen dissociation sites [76]. In addition, the stick-
ing coefficient (ratio of adsorbed to impinged molecules [52]) of CO is close
to 1 whereas that of hydrogen is 0.5 to 0.7 at temperatures below 125K [35].
Therefore, the surface coverage of CO is increased compared to hydrogen. The
adsorption of CO has been shown to increase with increasing pressure and de-
creasing temperature [38, 128, 148]. This correlates with a decreasing sticking
coefficient with increasing temperature [17].

In general, the extrapolation from UHV and low temperature experiments
to high pressure and room temperature is difficult [128]. However, for sens-
ing applications the impact of CO can still be observed at temperatures above
25◦C [51, 69]. Jayaraman showed that the sensor response is slowed down but
the overall response/ signal is not attenuated and this effect could be further
reduced with increasing the temperature [69]. On the other hand, Eriksson
reported that CO completely blocks the absorption of hydrogen in palladium
leading to an unresponsive sensor [51].

2.3 Review of hydrogen sensors

In laboratories hydrogen is usually detected using gas chromatographs and
mass spectrometers. These are large, expensive instruments, and need regular
maintenance [65]. Therefore, they are not suitable for implementation in distri-
bution transformers and are not elaborated further. Smaller hydrogen sensors
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can be grouped into eight categories according to their working principle [65]:
Catalytic, thermal conductivity, electrochemical, resistance based, work func-
tion based, mechanical, optical and acoustic. In this chapter we explain the
working principles of the different categories and then concentrate on the ap-
proaches which are used in combination with fiber optic sensors.

2.3.1 Working principles

The eight different working principles are as follows [65]:

1. Catalytic sensors work on the principle that an exothermic reaction on
the catalytic material of the sensor releases heat. This heat causes a change
in temperature which is detected. The chemical reaction is the oxidation
of hydrogen to water.

2. Thermal conductivity sensors work on the principle of a hot body’s heat
loss to its surroundings. The heat loss depends on the thermal conduc-
tivity of the surrounding gas which again depends on its composition. A
selective membrane or column and a reference sensor are necessary for
accurate detection of hydrogen.

3. Electrochemical sensors work on the principle of using a catalytic elec-
trode to break molecular hydrogen into atomic hydrogen and free elec-
trons. The atomic hydrogen forms water with oxygen and the free elec-
trons cause a current flow.

4. Resistance based sensors can be divided into semiconducting metal-oxide
sensors and metallic resistor sensors:

• Semiconducting metal-oxide sensors work on the principle that their
electrical properties change when exposed to hydrogen. Molecular
oxygen and hydrogen are adsorbed at the metal-oxide surface and
form water. Free electrons are released and donated to the metal-
oxides surface leading to a decrease in resistivity.

• Metallic resistor sensors work on the principle that the electrical re-
sistivity of palladium increases due to hydrogen absorption.

5. Work function based sensors work on the principle that diffused hydro-
gen adsorbs on a metal-oxide layer and changes the work function. This
change can be detected by a voltage change.
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6. Mechanical sensors work on the principle of the expansion of certain
metals due to hydrogen absorption. The expansion is transduced into
a strain sensor.

7. Optical sensors work on the principle of the optical property change of
certain materials when interacting with hydrogen

8. Acoustic sensors work on the principle of changes in the acoustic prop-
erties of a material due to the adsorption of hydrogen on the surface or
absorption of hydrogen in the material.

All of the presented sensors detect hydrogen indirectly. Palladium, plat-
inum and a variety of oxidized metals are a suitable sensing material. The
sensing material interacts with hydrogen and causes a change in temperature
or mechanical, optical or electrical properties. Those changes are detected us-
ing a transducer [65].

Commercial DGA solutions use thermal conductivity, electro chemical, or
resistance based sensors (see Table 2.1). Of these only the resistance based sen-
sors can detect hydrogen directly in the oil. The other two can detect hydro-
gen only in the gas phase and therefore need an additional hydrogen selective
membrane.

2.3.2 Fiber optic based hydrogen sensors

The first fiber optic hydrogen sensor was reported by Butler in 1984 [29]. Since
then a vast number of sensors has been presented. Several review papers give
a good overview of the field [45, 125, 157]. Fiber optic hydrogen sensors gen-
erally have the advantage of being insensitive to electro magnetic interference,
intrinsically safe in explosive gas mixtures, and to some degree, offering the
potential of distributed sensing [65]. Fiber optic hydrogen sensors can be allo-
cated to three of the aforementioned working principles: Catalytic, mechanical
and optical sensors.

Catalytic sensors use a temperature sensitive optical fiber sensor (OFS) coated
with a reactive surface (e.g., tungesten oxide). The surface causes an exother-
mic reaction of hydrogen and oxygen. The generated heat, causes a tempera-
ture rise, which is measured with an OFS [32, 42, 150].

Optical sensors measure the optical property changes of a material, com-
monly palladium with an OFS. The fiber is usually coated on a tapered section
or on the fiber tip allowing the light to interact with a hydrogen sensitive ma-
terial. The measurement principle is intensity based. [18,19,30,34,37,87–89,97,
107, 110, 118, 119, 129, 135, 137–139, 143, 149, 153, 154, 156].
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Mechanical sensors measure the expansion of palladium (alloys) due to
hydrogen absorption with a strain sensitive OFS. In literature mainly FBG
based sensors are reported but also Fabry-Pérot type sensors have been evalu-
ated [8,26,27,29,36,37,40,41,43,44,70,71,75,79,80,90–95,109,114,116,124,127,
131, 133, 141, 146, 151, 158].

Table 2.3 lists the majority of reported hydrogen sensor types that rely on
a FBG measuring the volumetric expansion of palladium alloys. For the me-
chanical sensors two basic principles can be distinguished: coating the fiber
with a thin palladium layer, and adhesively bonding a large palladium body
(wire, tube, foil) to the fiber. Most of the early reported sensors rely on the lat-
ter (see Table 2.3). The high sensitivity of these sensor concepts is accompanied
by a relatively slow response. In recent years researchers have focused on sen-
sor concepts with thin films. To still achieve a high hydrogen sensitivity with
thin films, the fiber diameter is often altered by etching or side polishing. This
increases the strain sensitivity of the FBG, but has the disadvantage of strain
concentrations, which results in increased fragility [44].

The first application of a fiber optic based hydrogen sensor in transformer
oil was performed by Butler in 1996 [28]. In recent years, several different fiber
optic hydrogen sensors have been reported for this application, most of which
rely on a FBG and palladium [70, 71, 90–93, 97, 116]. Here as well, reducing the
fiber diameter is succeffully deployed to increas the hydrogen sensitivity [70,
90]. However, the structural integrity and long term stability of these fragile
sensors is questionable. Using an adhesively bonded palladium body, instead
of a thin palladium coating, has not been examined for dissolved hydrogen
sensing in transformer oil.

2.4 The fiber Bragg grating

Fiber Bragg gratings (FBG) are OFS that are sensitive to strain and tempera-
ture. FBGs, have the advantage of being small, lightweight, intrinsically safe in
combustible gases, insensitive to electromagnetic noise, able to tolerate harsh
environments, and having the capability of quasi distributed sensing, mean-
ing that several sensors can be implemented in a single optical fiber [64, 108].
FBG sensors and FBG interrogating systems were commercialized decades ago
which makes their application economically viable and the sensing concept
proved to be robust.

A grating is written into the core of an optical fiber mainly via interfero-
metric, phase-mask or point-by-point techniques. The grating is a section of
periodic modulation of the refractive index (Figure 2.6). At the sections of
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Table 2.3: Summary of palladium based hydrogen sensors using FBG.
Temperature in ◦C, Sensitivity in pm/%, Response time. Values with (*) are
estimated using equations describe in Chapter 4.

Concept Material & geometry Temp. Sens. Res. Year Ref.

Etched FBG (30 µm) 560 nm Pd coating RT 20 - ’99 [127]

FBG 15 µm Pd coating 95 200 10m ’99 [109]

FBG D- shaped Pd wire

(� 1 mm)

RT - - ’99 [80]

FBG Pd Tube

(33 µm thickness)

95 300 1h ’99 [131]

Side polished FBG Pd foil

(2 µm thickness)

80 290 2m ’04 [79]

FBG 350 nm Pd coating 20 25 10s ’07 [26]

FBG with mechanical

amplification

Pd Tube

(300 µm thickness)

85 1300* 3d ’07 [94]

Side polished FBG 110 nm WO3 Pd com-

posit coating

RT 5 10m ’11 [40]

Side polished FBG 110 nm WO3 Pd com-

posit coating

RT 5 10m ’11 [40]

Etched FBG (17 µm) 110 nm Pd/Ni com-

posit coating

23 15 5m ’12 [43]

FBG 560 nm Pd coating RT 60 5m ’12 [92]

Etched FBG (38 µm) 100 nm Pd/Ag com-

posit coating

15 6 5m ’13 [44]

Tapered FBG (50 µm) 150 nm Pd coating RT 80 2m ’13 [124]

Etched FBG (63 µm) 500 nm Pd coating 25 60 6s ’13 [114]

Etched FBG (21 µm) 130 nm Pd/Ni com-

posit coating

25 30 15m ’14 [41]

FBG 400 nm PdAg coating 80 30* 20m ’15 [91]

Microstructured FBG 520 nm PdAg coating 25 5 2m ’15 [75]

Side polished FBG 400 nm PdAg coating RT 275* 4h ’15 [71]

Etched FBG (50 µm) 150 nm Pd coating RT 40 30m ’15 [36]

Microstructured FBG 520 nm PdAg coating RT 38 3m ’16 [158]

FBG 675 nm PdCr coating RT 12* 10m ’16 [116]

Side polished FBG 400 nm PdAg coating RT 279* 5h ’16 [90]

Microstructured FBG 500 nm PdAg coating RT 16 2m ’16 [160]

Etched FBG (16 µm) 800 nm PdNi coating RT 125 5m ’17 [36]
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Figure 2.6: Fiber Bragg grating.

changed refractive index, light is successively refracted and reflected. Light
fulfilling the Bragg condition (2.13) has the strongest reflection as each reflec-
tion is in phase.

λB = 2neffΛ (2.13)

where λB is the peak wavelength of the back reflected spectrum, neff is the
effective refractive index and Λ is the period of the grating.

The peak wavelength of the reflected light is influenced by changes of the
fiber properties, e.g. temperature and strain. Temperature changes impact the
effective refractive index of the fiber, but also the grating period due to thermal
expansion. Strain mainly affects the grating period, but also changes the effec-
tive refractive index. The impact on the peak wavelength due to temperature
and strain changes is

∆λB = 2

(
Λ
δneff

δε
+ neff

δΛ

δε

)
∆ε+ 2

(
Λ
δneff

δT
+ neff

δΛ

δT

)
∆T (2.14)

(2.14) can be simplified to

∆λB = kε∆ε+ kT∆T (2.15)

where kε is the strain sensitivity, kT is the temperature sensitivity, and ∆ε and
∆T are the change in strain or temperature of the fiber. The values for kε and
kT can be approximated by (2.16) and (2.17) [64]:

kε ≈ λB0.78 · 10−6
1

µε
(2.16)

kT ≈ λB6.7 · 10−6
1
◦C

(2.17)

where µε is microstrain (µε = 10−6∆l/l).
For a peak wavelength of 1550 nm the equations lead to kε ≈ 1.21 pm/µε

and kT ≈ 10.4 pm/◦C.
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2.4.1 Application of FBG sensors

In addition to the application as hydrogen sensors, FBGs have been used as
strain and temeprature sensors for different applications for decades [108].

The primary application of FBG lies in structural monitoring of large civil
structures (e.g., bridges, tunnels) [96, 108]. Another application is in monitor-
ing the load in wind turbine blades [117]. However, FBGs are also popular in
the aerospace industry since they are insensitive to electro magnetic interfer-
ence, light weight (multiplexable), and intrinsically safe in combustible gases.
They are also used in composite structures to monitor stress and strain, which
allows active damping, profiling of heat shields , and the impact detection of
debrids [21,74,108]. Furthermore, FBGs are used in marine applications. Here
they are used for strain monitoring of fiber composite lock gates and composite
hulls, and temperature monitoring in bore-holes [108]. There is also ongoing
research in FBG applications in railways and transmission lines, as well as in
the medical and nuclear sectors [99, 108, 130, 132]. Furthermore, FBGs show
promising results as moisture sensors and in their application at low tempera-
tures for the quench detection in superconductors [86, 152].
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Chapter 3

Materials and Methods

This chapter introduces the materials and methods used in this thesis. First,
the relevant materials and methods for the sensor manufacture are described.
Second, the optical measurement equipment is presented. Then, the signal
processing approach is described. In this chapter also the test setups for hy-
drogen measurements in gas and oil are presented, as well as the equipment
used for tensile tests.

3.1 Material and Methods for Sensor Manufactur-

ing

This section describes the materials and methods used for the sensor manufac-
turing: (a) the commercial FBGs are discussed. (b) the etching process of the
fiber, to achieve a reduced fiber diameter, is described. (c) the sputter deposi-
tion system to coat the fibers with a palladium film and palladium foils with
silica films is described. (d) the adhesives used to attach palladium foils to the
fibers are presented. (e) the properties of the commercial palladium foils are
described.

3.1.1 Fiber Bragg gratings

Three different types of commercial FBG (silica-based, single-mode) sensors
were used. The center wavelength was 1550±10 nm. The grating length was
10 mm. All fibers had a 125 µm cladding diameter, but different coating ma-
terials: acrylate, polyimide, and organically modified ceramic (Ormocer). The
acrylate and polyimide coated fiber were supplied by Beijing Samyon Instru-
ments, Beijing. They have an apodized grating written in a section of a stripped
fiber. The acrylate and polyimide fibers both were re-coated with acrylate (the

31
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re-coating increases the stability during shipping and handling) ,however, the
re-coating was removed for sensor manufacture. The Ormocer fibers were sup-
plied by FBGS, Jena. The draw tower gratings have improved mechanical sta-
bility and strain transfer from the coating into the fiber due to the Ormocer
coating [72, 145]. Draw tower gratings are written into the fiber core during
the manufacturing (drawing) of the fiber itself. Therefore, no re-coating of the
fiber is necessary.

3.1.2 Fiber stripping

To remove the the coating from the fiber, the fiber has to be stripped. Generally,
three different methods are used [103]: mechanical, vaporization, and chemical
stripping.

For the mechanical stripping a stripping tool, similar to a wire stripping
tool, is used. This stripping process is fast, but the fiber can be easily dam-
aged during the process [103,147]. For thermo-mechanical stripping a thermal
stripping tool is used. The tool is similar to the non-thermal stripping tool,
but additionally contains a heater that heats the coating until it can be easily
removed. The mechanical stripping always degrades the fiber surface, which
impacts the mechanical stability negatively.

For vaporization stripping a combustion process is used to remove the
coating from the fiber. The vaporization is fast and safe, but the burning of
the coating decreases the mechanical stability even more than the mechanical
stripping [147].

For chemical stripping a solvent (dichloromethane) or an acid (concen-
trated sulfuric acid) is used [147]. This process is slower and needs longer
setup time, but the fiber itself is unlikely to be damaged during the process.
A further concern with chemical stripping is the health hazard of the acids
and solvents used. Precautions have to be taken to minimize the risk when
handling these chemicals.

In this thesis mechanical or chemical stripping were used to remove the
coating material.

3.1.3 Fiber etching

To decrease the diameter of the fiber and therefore increase its strain sensitiv-
ity, the fiber can be chemically etched. Commonly, silica based optical fiber is
etched with hydrofluoric acid or potassium hydroxide [15, 111, 155]. Since hy-
drofluoric acid poses severe health risks it was not used. The etching process
with potassium hydroxide was as follows: The stripped fiber was immersed
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Figure 3.1: (a) Fiber before etching with PTFE protection.(b) Flask with potas-
sium hydroxide sitting in heated oil bath.(c) Microscopic image of etched fiber.

Table 3.1: Parameters of the sputter deposition process for palladium, tita-
nium, and silicon oxide.

Material Power (W) Voltage (V) Current (A) Pressure Base pressure

Pd 175 (DC) 328-375 0.467-0.534 8 · 10−3 Torr 4.9 · 10−8 Torr

Ti 200 (DC) 355-377 0.555-0.561 3 · 10−3 Torr 4.9 · 10−8 Torr

SiO2 100 (RF) 127-136 - 3 · 10−3 Torr 1.2 · 10−7 Torr

in potassium hydroxide (35 % wt. KOH) at 130◦ C (Figure 3.1 (b)). The etching
was monitored by repeated measurement of the diameter of a reference fiber
under a microscope (Figure 3.1 (c)). The vapour also attacked parts of the fiber
that were not immersed in the liquid. To protect these parts, the fiber were
wrapped in PTFE sealant tape (Figure 3.1 (a)).

3.1.4 Coating process - Sputter deposition

Sputter deposition was used to coat palladium on the stripped fiber. The thin
films were grown in an argon environment in a Kurt J Lesker CMS-18 UHV
system. Three different materials were grown: Palladium, titanium, and sili-
con oxide. Titanium was used as an adhesion layer between fiber and palla-
dium and silicon oxide was used to coat palladium foils with a membrane (see
Chapter 4). The films were grown with the parameters given in Table 3.1.

Two holders were designed and manufactured to hold fibers and palladium
foils in place during sputtering, and to enable coating from both sides (see
Figure 3.2). Both holders have the outer dimension of a 4 inch silicon waver,
with a cut out in the center. After coating one side, the holder can be easily
turned around to coat the other side.

The fiber holder is made from two stainless steel sheets, which are con-
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Figure 3.2: (a) Sputter holder with mounted fibers.(b) Sputter holder with
mounted foils.

nected but separated at a defined distance of 5 mm via 4 screws and spacers
(see Figure 3.2(a)). The etched fibers were first mounted on a glass slide with
kapton tape. Then the glass slide was mounted on the first part of the holder
with kapton tape. The excess fiber was also attached before the second part of
the holder was connected.

The foil holder is made from aluminium and can hold up to fourteen 100
µm palladium foils (2 mm x 20 mm) in defined grooves (see Figure 3.2(b)). The
two parts are connected via two screws and clamp the foils in between.

3.1.5 Adhesives

For bonding purposes four adhesives were used: NOA83H, and NOA86H
(Norland Products Inc.), ADR 243 (Adhesive Technologies NZ Ltd.), and Loc-
tite 401.

The NOA83H is a single compound, mercapto-ester based adhesive and
can be cured with ultraviolet light and heat. The adhesive starts curing at
60◦ C and can be fully cured in 10 minutes at 125◦ C. After curing, the adhe-
sive withstands temperatures up to 150◦ C. However it has a glass transition
temperature of below 45◦C.

The NOA86H is a single compound, acrylic based adhesive and has the
same curing requirements as the NOA83H. After curing, the adhesive with-
stands temperatures up to 125◦ C. The glass transition temperature is also be-
low 45◦C.

The ADR 243 is a bisphenol A resin and was used with ADH 182, a high
temperature hardener. The epoxy starts curing at room temperature and has a
pot life of 6 hours after preparation. After curing for 3 hour at 100◦ C the heat
deflection temperature is 135◦ C.

The Loctite 401 is a single compound, cyanoacrylate based adhesive. The
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adhesive cures in seconds at room temperature and obtains full strength after
a 24 hour cure at room temperature. The glass transition temperature is also
below 121◦C.

Initially, the NOA83H and NOA86H were tested for the manufacturing of
the hydrogen sensors (see Chapter 4). Both adhesives showed uncontrolled
post-curing behaviour which resulted in inconsistent results (see Chapter 5).
Furthermore, the adhesives have a glass transition temperature below 45◦C,
which makes them unsuitable for applications above this temperature. There-
fore, they were replaced with the ADR 243, which has a heat deflection tem-
perature above the maximum working temperature (120◦C) of the sensor. Fur-
thermore, no post-curing was observed with the ADR 243. For a different ex-
periment in which FBGs are bonded to a tensile test bar the Loctite 401 is used
since it cures quickly at room temperature and it was not exposed to high tem-
peratures afterwards.

3.1.6 Palladium foils

The palladium foils used to manufacture the sensors were supplied by Goodfel-
low. The palladium has a 99.95% purity and foils in two thickness were used:
20 and 100 µm. The 20 µm foil was supplied in a sheet (100 mm x 100 mm)
and the 100 µm foil on a coil (2 mm x 1 m). The palladium silver foil has a
75% palladium to 25% silver ratio, a thickness of 10 µm and is supplied in a
sheet (50 mm x 50 mm). The thickness of the foils was chosen depending on
the desired sensor response (see Chapter 4) and the availability of commercial
foils.

3.2 Optical measurement equipment

In this section the equipment used to interrogate the fibers is presented. The
equipment includes an optical spectrum analyser (MS9740A, Anritsu), FBG in-
terrogator (si155, Micronoptics), a SLD source (1550 nm, 22 mW, 50 nm band-
width; S5FC1005S, Thorlabs), a DFB laser (1550 nm, 1.5 mW; S3FC1550, Thor-
labs), and fiber optic switches (GP700, DiCon).

The selection of the equipment for the individual experiments depended on
availability. However, with the data processing approach described in Section
3.3 the measurements were largely independent of the equipment used.
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3.2.1 Optical Spectrum Analyser - Anritsu MS9740A

The optical spectrum analyser (OSA) model is a MS9740A by Anritsu. The
OSA has a wavelength measurement range of 600 to 1700 nm, and a wave-
length accuracy of ±20 pm. The OSA has an inbuilt light source which was
only used for calibration purposes and not for interrogation of the FBG. Three
different units have been used in the course of this thesis. The initial unit was
found to be faulty and had a high wavelength inaccuracy. The wavelength
inaccuracy could be correlated to room temperature fluctuations. During its
repair two other loan units were used. However, using the DFB laser as a
wavelength reference, reliable measurements could be achieved with all units
(see Section 3.3.2).

3.2.2 FBG Interrogator - Micronoptics si155

The interrogator model is a si155 by Micronoptics. The interrogator has a
wavelength measurement range of 1520 to 1580 nm, and a wavelength accu-
racy of ±1 pm. The interrogator has an integrated light source.

3.2.3 Light Sources - Thorlabs S5FC1005S

The light source is a superluminescent diode (SLD) model is a S5FC1005S by
Thorlabs. The light source is power and temperature controlled, has a center
wavelength at 1550 nm, and a bandwidth of 50 nm. The current was set to
500 mA and the temperature to 25.0◦ C.

3.2.4 Distributed feedback laser - Thorlabs S3FC1550

The DFB laser model is a S3FC1550 by Thorlabs. The DFB laser is power and
temperature controlled, and has a center wavelength at 1550 nm.

3.2.5 Fiber optic switch - DiCon GP700

Two fiber optic switches model GP700 by DiCon were used. One switch has a
module with 8 input channels, the other switch has two modules with 9 input
channels.

3.3 Data processing

The inbuilt peak detection of the OSA and FBG interrogator can have difficulty
detecting peaks that are separated by only hundreds of picometers and also
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peaks that are distorted (e.g.:unsymmetrical, peak split). The latter case occurs
frequently with surface bonded FBGs. Furthermore, wavelength instability of
the optical equipment due to temperature and pressure dependencies and the
temperature cross-sensitivity of the FBG itself requires compensation. There-
fore, a robust data processing approach was developed. Our data processing
approach can be divided into peak detection and compensation.

3.3.1 Peak detection

For the OSA, a normalized spectrum is obtained through division of the re-
flected spectrum by the light source spectrum within the same wavelength
range. This reduces the effect of the wavelength dependent intensity varia-
tions of the light source and is not necessary for the FBG interrogator. The
resulting spectrum is then normalized to a range from 0 to 1. Peak detection
was performed using the LabVIEW peak detection algorithm with a quadratic
fit [22, 104]. The quadratic fit was performed over a spectral width of 200-300
pm, depending on the peak width.

3.3.2 Compensation

Wavelength inaccuracy of the optical measurement equipment can be com-
pensated with the following three methods: (a) a wavelength stable laser (e.g.,
DFB laser), (b) a temperature controlled reference FBG, or (c) a reference FBG
in combination with a non fiber optic temperature measurement (e.g., thermo-
couple, RTD). For (a) the peak wavelength of the laser is directly subtracted
from the FBG peak wavelength. For (b) the peak wavelength of the tempera-
ture controlled reference FBG is directly subtracted from the peak wavelength
of the hydrogen sensor. For (c) the measured temperature is multiplied by the
temperature sensitivity of the reference FBG sensor (e.g., bare FBG) and the
product is subtracted from the peak wavelength of the hydrogen sensor.

The temperature sensitivity of FBGs can be compensated for by: (a) a refer-
ence FBG [62, 159] , or (b) a non-fiber optic temperature measurement. For (a)
the peak wavelength of a reference FBG is divided by its temperature sensitiv-
ity (to calculate the temperature) and multiplied by the temperature sensitivity
of the hydrogen sensor FBG. For (b) the measured temperature is multiplied
by the temperature sensitivity of the hydrogen sensor FBG and the product is
subtracted from the peak wavelength of the hydrogen sensor FBG.

In this thesis the following data processing approach is used (Figure 3.3a):
The temperature in the chamber (measured with a thermocouple) was multi-
plied by the temperature sensitivity kT Sensor of each hydrogen sensor FBG and
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(a) For hydrogen measurement. (b) For temperature measurement.

Figure 3.3: Data processing.

then subtracted from the corresponding peak wavelength. This compensates
for fluctuations of the temperature in the test chamber. The peak wavelength of
the reference FBG is also temperature compensated and then subtracted from
the hydrogen sensor. This compensates for fluctuations of the optical com-
ponents. The result is the compensated peak wavelength of the H2 sensors
∆λH2 comp..

The temperature sensitivity of the FBGs was determined in the test setup
during cool down from elevated to room temperature. If the OSA was sub-
ject to strong wavelength inaccuracy, the following approach was used(Figure
3.3b): The peak wavelength of a DFB laser was subtracted from that of the FBG
sensors. This compensates for fluctuations of the optical components and the
temperature sensitivity kT Sensor of each sensor can be calculated.

With the data processing approach a wavelength accuracy of ±3 pm was
achieved. This value was determined over a period of 12 hour during which a
sensor at stable conditions was interrogated.

3.4 Test setups

Two test setups for sensor characterization were developed that are stable for
gas mixture, temperature, and pressure.

In previous works OFS gas sensors have been measured in open systems
in which the gas concentration is controlled by mass flow controllers (MFC)
and the gas is not recycled [27, 127]. An open system offers the advantage
of a constant gas concentration. Disadvantages of open systems are a high
gas consumption, difficulty in mixing the gases, and running under, or over
pressure. Maier et al. [95] used a closed system, in which the gas concentration
was controlled by volume fractions and a fan caused movement of the gas
in the chamber. Advantages of these system are: minimal gas consumption,
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Table 3.2: List of pre-mixed gas cylinder used.

Cylinder Gas Concentration

1 Hydrogen 2510± 30 ppm H2 in N2

2 Hydrogen 5.00± 0.03% H2 in N2

3 Hydrogen 5.0± 0.5% H2 in N2

4 Nitrogen 99.999% N2

5 Nitrogen 99.99% N2

6 Dry Air 21.0± 1.0% O2 in N2

7 Carbon monoxide 10.00± 0.06% CO in N2

good mixing, and the possibility of running at under, or over pressure. Closed
systems have the disadvantages of decreasing hydrogen concentration due to
hydrogen absorption into the palladium and diffusion out of the system, as
well as heating of the gas.

The setups developed in this thesis are closed systems in which the gas mix-
ture was circulated between a large mixing chamber (15 liter) and a smaller,
temperature controlled test chamber (0.5 -3 litre) (see Figure 3.4). The mixing
chamber serves the purpose of preparing gas mixtures by pressure fraction
and also of compensating for hydrogen concentration decrease due to absorp-
tion into the palladium. The setup can be evacuated to a pressure below 10
mbar and can operate between that value and an over pressure of 1.37 bar. For
the experiments reported in this thesis, the pressure was set to 1060 mbar in
the test chamber (the expected average pressure in a distribution transformer).
The chambers were filled with a pre-determined gas concentration that is cir-
culated using a diaphragm pump. The gas mixtures are prepared from differ-
ent cylinders listed in Table 3.2.

The newly developed systems combine the advantages of both open and
closed systems: a constant gas concentration due to the large volume of the
mixing chamber, good mixing of the gases, good temperature stability, low
gas consumption, low safety risk and the possibility to run at over and under
pressure.

The first setup is for measurement in gas only. The second setup is for mea-
surement in gas and oil. The second setup is placed in a fume hood for safety
consideration. Therefore, experiments to investigate the cross-sensitivity to
carbon monoxide can be conducted in this setup.
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Figure 3.4: Schematic of setup I for testing sensors in gas.

3.4.1 Setup I for measurements in gas

The layout of setup I is shown in Figure 3.4. Two test chambers of different
sizes were manufactured (see Figure 3.5). Initially, a test chamber with 0.5
litre volume was used. However it was found to be difficult to mount several
sensors in the confined space (especially the pre-strained sensors) for simul-
taneous characterisation. For that reason, an additional, larger test chamber
with 3 liter volume was designed.

The operation of the setup is as follows (subscripts m and t indicate the
mixing chamber and test chamber respectively). To change the gases valve 1
was opened and then valve 2 and 3 were closed simultaneously. This enabled
continuous testing in the test chamber while the gas was changed in the mixing
chamber. Valve 4 was opened and the mixing chamber was evacuated (pm v <

15 mbar). Valve 4 was closed and the mixing chamber was filled with a gas
mixture up to pm max = 1125 mbar (this value is for the setup with the 0.5 litre
test chamber) using valves 5, 6 and 7. Afterwards, valve 5 and 8 are closed.
Valve 3 and 4 were then opened to evacuate the test chamber (pt v < 15 mbar).
Finally, valve 4 was closed, valves 2 and 8 were opened and valve 1 was closed.

The final pressure in the mixing chamber is 1090±5 mbar and in the test
chamber 1060±5 mbar (the pressure gradient is generated by the circulation
pump). The gas mixtures are prepared by pressure fraction using the pressure
gauges as an indicator. e.g., to achieve a 1 % mix, the mixing chamber is first
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Figure 3.5: The 0.5 litre (left) and the 3 litre (right) test chambers.

filled with nitrogen up to pm n = 900 mbar and then filled from a 5 % hydrogen
cylinder up to pm max = 1125 mbar creating a 1:5 (1 % hydrogen) mixture.

The hydrogen concentration xH2 in the system after connecting the mixing
chamber with the evacuated test chamber can be calculated using basic ther-
modynamics. The resulting equation is

xH2 =
(pm vVmxH2’ + (pm max − pm n − pm v))Vmxc)Tt + (pt vVtxH2’)Tm

(pm maxVmTt + pt vVtTm)
(3.1)

where xH2’ is the hydrogen concentration of the residual gas in the system
before the change of gases, xc is the hydrogen concentration of the cylinder, V
and T are the volume and temperature of the mixing chamber (m) and of the
test chamber (t).

With equation (3.1) the concentration inaccuracy can be calculated as well.
The average achieved concentrations and possible uncertainty for a step wise
increase starting from 100 ppm to 50,000 ppm are given in Table 3.3. The uncer-
tainty is derived from the assumption that each pressure pm v, pm max, pm n, and pt v

itself has a ±2 mbar uncertainty. The values were calculated with cylinder 1
for concentrations of 2500 ppm and below and with cylinder 2 for the remain-
ing concentration (compare Table 3.2). In general, the relative deviation from
the desired hydrogen concentration is lower than 5% for concentrations up to
5 times lower than that of the original cylinder.

The temperature and pressure inside the test chamber were recorded us-
ing a T-type thermocouple and a pressure transducer (PX2EN1XX050PAAAX,
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Figure 3.6: Test setup I with optical spectrum analyzer, optical switch, and
computer.

Table 3.3: Accuracy of gas mixing. Expected (ppm) hydrogen concentration,
Average (ppm) hydrogen concentration, Uncertainty (± ppm) due to mixing
inaccuracy

Exp 100 500 1,000 2,500 5,000 10,000 20,000 30,000 40,000 50,000

Ave 100 501 1,005 2,467 4,994 10,048 20,096 30,198 40,299 49,355

Unc 17 21 25 36 329 350 387 416 445 392



3.4. TEST SETUPS 43

Figure 3.7: Test setup II with mixing chamber, gas test chamber and oil test
chamber.

Honeywell; calibrated against a reference pressure transducer VD85, Thyra-
cont), NI CompactRIO data acquisition and LabVIEW.

3.4.2 Setup II for measurements in gas and oil

The setup is based on the design of setup I. However, the setup has one mixing
chamber (15 liter), one test chamber for gas and one for oil (each 3 litre)(see
Figure 3.7). It can be either used for measurements in gas, or in oil. But it was
not designed for simultaneous measuring in both test chambers. The operation
of the setup is similar to setup I.

The oil test chamber has two ports to transfer oil: the oil sampling port,
and the oil level port (see Figure 3.8 (a)). From the oil sampling port, oil can be
extracted with syringes for dissolved gas analysis measurements. The inlet of
the sampling port is located on the same level and close to the sensors. Over
the oil level port, oil can be filled into and extracted from the test chamber
with a syringe. This enables control of the oil level in the test chamber: If gas
is sampled, the level is too low. If oil is sampled, the level is too high. If gas
bubbles (in oil) are sampled the level is right.

A stainless steel pneumatic silencer (G 1/4 thread) is used as a diffuser.
The metal mesh creates small gas bubbles. Care was taken that the generated
bubbles do not move to the sensor and influence the measurements, since the
aim is to measure dissolved hydrogen and not hydrogen bubbles. To ensure
that bubbles do not move to the surface an experiment was conducted: Oil
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Figure 3.8: (a) schematic drawing of oil test chamber and (b) detail view of the
mounted sensors, oil sampling port and temperature probe.

was placed in a glass beaker of similar dimensions to the test chamber. The
diffuser was immersed in oil at varying depths and air bubbles were generated
at different flow rates. For flow rates of 2 -4 l/min and locations 40 -60 mm
underneath the oil level, no bubbles were observed to move below the diffuser
level (Figure 3.9 (a)). Therefore, the diffuser is located 60 mm underneath he
inlet of the oil level port and the flow rate was set between 2- 4 l/min for
the experiments. Furthermore, no oil bubbles were observed in the samples
during the experiments.

The hydrogen uptake in oil was determined by bubbling 5% hydrogen in
nitrogen at 90◦C and 1060 mbar. The results are shown in Figure 3.10. An ex-
ponential decay fit is applied to the data, which is the solution of a simplified
1-Dimensional diffusion model [112]. Using the parameter of the fit, the time
to reach a certain value can be estimated. It takes 4.7 hours to reach 99% and
7.1 hours to reach 99.9% of the value of the final concentration. The final con-
centration was measured at 4322 ppm which leads to an Ostwald coefficient
(solubility, see Section 2.1.5) of hydrogen of 0.086 for this particular mineral oil
at 90◦C and 1060 mbar.

The temperature and pressure inside the test chambers were recorded us-
ing a Pt100 (in gas), or a T-type thermocouple (in oil) and pressure transduc-
ers (PX2EN1XX050PAAAX, Honeywell) calibrated against a reference pressure
transducer (VD85, Thyracont), Pico technology, or NI CompactRIO data acqui-
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Figure 3.9: (a) Bubbling experiment of air in oil at room temperature. (b)
Myrkos field package.

Figure 3.10: Hydrogen uptake in transformer oil.
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sition and LabVIEW.

3.4.3 Gas chromatograph

To measure the dissolved gases in the transformer oil, a special gas chromato-
graph is used (see Figure 3.9 (b)). The commercial DGA system (Myrkos Ver-
sion: Field package, Morgan Schaffer) is a mobile gas chromatograph that uses
the Morgan Shaffer Shake Test to extract the gases from the oil. Helium is used
as a carrier gas and needs to be refilled regularly. The gas chromatograph is
calibrated each day of use with calibration gas according to a standard proce-
dure. After calibration, oil samples can be analysed.

The oil samples are taken with Shake Test syringes over the sampling port.
When sampling, the oil is at 90◦C. It has been found to be useful (Not handling
hot oil, improved repeatability) to let the oil cool down in the syringes before
proceeding with the analysis. The Shake Test and the analysis is performed
according to the Morgan Schaffer instructions. A software based instruction
guides the user through all steps of the process, from sampling the oil, extract-
ing the gas with the Shake Test, to analysing it in the Myrkos. This makes the
process highly repeatable. The Myrkos has a linear measurement range for
dissolved hydrogen concentration from 5- 700 ppm. To analyse higher concen-
trations, the oil samples need to be diluted according to the instructions. We
found that there is a systematic error in how the dissolved hydrogen concen-
trations are determined in the Myrkos depending on the dilution of the sample
(see Section 8.2.1.

3.5 Tensile test

To verify the hypothesis of correlating the strain transfer coefficient obtained
by strain calibration to the strain transfer coefficient obtained by temperature
calibration, a tensile test machine and tensile test bars were used. Both are
described in this section.

A Micron Optics si155 unit and a DiCon GP700 optical switch was used to
interrogate the fiber. The temperature was measured using a Pt100 probe. The
Pt100 and the resistive strain gauges were read-out using a National Instru-
ments CompactDAQ with an NI9219 module. All measurements were syn-
chronized using LabVIEW.
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Figure 3.11: (a) The tensile test setup and (b) close-up of the wedge grips with
loaded test bar.

3.5.1 Tensile test machine - Tinius Olsen H10KT

The Tinius Olsen H10KT is a uni-axial tensile test machine that allows loads
up to 10kN (see Figure 3.11 (a)). The machine can be controlled via a computer
and LabVIEW. The tensile test bars are clamped in wedge grips (see Figure
3.11 (b)).

3.5.2 Tensile test bar

Six tensile test bars of mild steel were manufactured according to ASTM E8
(see Figure 3.12 (a)) [12]. On the front of each bar, two resistive strain gauges,
one uni-axial gauge (BX120-3AA) and one biaxial gauge (BX120-2BB) were ad-
hesively bonded. The uni-axial gauge was used to determine the Young’s mod-
ulus of the material, to allow calibration of the biaxial gauge. The inherently
temperature compensated biaxial gauges were used to determine the strain of
the test bar. On the back of each bar, three FBGs were adhesively bonded. Each
of the six bars had a different arrangement of the FBGs. To vary the coefficient
of strain transfer of the FBGs, a set of different coating materials and different
bond lengths were used (see Figure 3.12 (b)). The commercial FBGs have either
an acrylate recoating, a Ormocer T coating (draw tower grating), or are bare
(stripped) FBGs. The bond length of the Ormocer T coated FBGs and the bare
FBGs was 20 mm. Bond lengths of 20, 40, 60, and 80 mm were employed for
the acrylate coated FBGs. The bond length was defined by masking the test
bar with two Kapton tape pieces (see Figure 3.12 (a)). A cyanoacrylate adhe-
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Figure 3.12: (a) schematic of tensile test bar front and reverse. (b) photograph
of two tensile test bars with different bond length.

sive (Loctite 401) was used for bonding both the resistive strain gauges and
FBGs. The adhesive was cured for 24 hours at room temperature.



Chapter 4

Sensor design

This chapter describes the main criteria and methodology to design an opti-
mized palladium based hydrogen sensor. First, the sensor optimization pa-
rameters (a) selection of the working temperature of the sensor to avoid a
phase change, (b) selection of the palladium geometry to achieve the required
sensitivity, and (c) amplification of the signal to increase the sensitivity are ex-
plained. Second, the manufacturing processes of the different sensor designs
are described. The processes described are in chronological order. First coated
sensors were manufactured. To improve the sensitivity a wrapped 20 µm and a
100 µm palladium foil sensors were designed and manufactured. For both the
initial manufacturing processes were improved. The improvement in manu-
facturing also led to another new design of a sandwiched 20 µm palladium foil
sensor. In addition, two concepts with increased sensitivity through amplifi-
cation have been developed. One is a sandwiched 10 µm palladium silver foil
sensor with increased hydrogen solubility and the other one relies on a new,
original pre-strained sensor concept. Finally, different hydrogen calibration
methods for the sensors are outlined.

4.1 Sensor parameter optimization

In this section we discuss the different parameters that can be optimized when
designing a hydrogen sensor. First, the selection of the working temperature
is described, than the influence of the palladium geometry is discussed, and
finally two amplification techniques are described.

4.1.1 Selecting the working temperature to avoid phase change

In this section the selection of the working temperature of the sensor is de-
scribed. This is crucial to avoid the phase change region which can have sev-

49
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Figure 4.1: Modified phase diagram of palladium hydride with hydrogen par-
tial pressure/ concentration vs. temperature (derived from [21]).

eral negative effects on the sensor (see Section 2.2.4). Predominantly, the exten-
sive expansion of the palladium due to the β-phase can cause an irreversible,
plastic deformation of the palladium, and the resulting hysteresis decreases
the accuracy of the sensor.

Therefore, when designing a reliable palladium based hydrogen sensor the
phase change region must be avoided. This can be achieved by selecting an ap-
propriate working temperature so the expected hydrogen concentration does
not lead to a phase change, i.e., n does not exceed αmax. Simons and Flana-
gan [126] present αmax as a spinodal curve showing n versus temperature.
For sensor design purposes, this diagram can be improved by plotting the
spinodal curve with hydrogen partial pressure (or concentration calculated as
c = ppartial/ptotal), versus temperature. The partial pressure is calculated with
equation 2.11 for given n and temperature. This leads to a new diagram with
extended information content and improved usability (see Figure 4.1). Now,
temperature and hydrogen partial pressure, or concentration can be directly
correlated to the phase change, without an additional step of correlating n to
the hydrogen partial pressure, or concentration.

Figure 4.1 can be utilised as follows: In the region below the spinodal curve
the palladium hydride is in the α-phase; in the region above the curve the mis-
cibility gap (both phases are present see Section 2.2.4) is entered. Selecting
the working temperature is now easy and intuitive: The minimum working
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Figure 4.2: Temperature dependency of hydrogen sensitivity. Calculated max-
imum response (wavelength change) for 5% hydrogen at 1 bar and various
temperatures.

temperature is the abscissa corresponding to the intercept of the maximum ex-
pected hydrogen partial pressure, or concentration with the spinodal curve.
For example, if we want to sense up to 5 % hydrogen at 1 bar (50 mbar partial
pressure) we have to set the working temperature of the sensor to be at least
50◦C to avoid a phase change. Conversely, the selection of a working tem-
perature can be used to determine the maximum hydrogen concentration to
which the sensor can be exposed before entering the phase change region. For
the purposes of the investigation reported here, the measurements were con-
ducted at 30◦C, 60◦C, 90◦C, and 120◦C leading to a maximum hydrogen partial
pressure of 25, 100, 300, and 800 mbar respectively before entering the phase
change region. Therefore, the hydrogen partial pressure for each experiment
was chosen below those values.

The working temperature should be selected to avoid the phase change
region, but not significantly higher, since increasing the working temperature
decreases the sensitivity (see Figure 4.2).
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4.1.2 Selecting the palladium geometry to achieve the required

sensitivity

Apart from the working temperature, the geometry of the palladium itself has
a large impact on the hydrogen sensitivity of the sensor. In this section, the
selection of a palladium geometry to achieve a certain sensitivity is described.
First, the maximum possible sensitivity of the sensor is calculated, neglecting
the influence of (a) the strain sensor itself limiting the expansion of the palla-
dium, and (b) imperfect strain transfer between palladium and sensor. Both of
these factors influence the sensitivity negatively. Using (2.11) we can calculate
n for a given hydrogen partial pressure and temperature. Using (4.1) we can
calculate the expansion εPd H2 of palladium due to absorbed hydrogen [6].

εPd H2 =
∆l

l
= Cn (4.1)

where C is calculated using (4.2) and (2.12) to be 0.063± 0.003 [6]:

∆l

l
=

1

3

∆V

V
=

1

3
(0.19± 0.01)n (4.2)

The expansion of the palladium is transferred to a strain sensor. Therefore,
the sensitivity of the hydrogen sensor depends on the sensitivity of the strain
sensor used. In this thesis, FBGs were used as strain sensors. The strain sensi-
tivity of an FBG (silica-based, single-mode, 1550nm center wavelength) is 1.21
pm/µε (µε = 10−6∆l/l) [64].

We can now calculate the maximum response of an FBG for a given hy-
drogen partial pressure using (2.11),(4.1) and (2.15) and the assumption that
∆ε = εPd H2 (where ∆ε is the strain of the FBG itself). The result at a working
temperature of 90◦C is displayed in Figure 4.3.

However, ∆ε 6= εPd H2 due to (a) the influence of the fiber itself forming
a composite with the expanding palladium [27] and (b) the imperfect strain
transfer between palladium and fiber. If we assume perfect strain transfer be-
tween palladium and fiber, where the strain of the FBG ∆ε′ just depends on
εPd H2 and the cross sectional area and Young’s modulus of fiber and palla-
dium, then the first (a) of these effects can be expressed as [27]:

∆ε′ = εPd H2
Y

1 + Y
(4.3)

where, Y = (APdEPd)/(AfEf) and APd and Af are the cross sectional area (CSA)
of the palladium(Pd) and the fiber (f) respectivly, and EPd and Ef are the cor-
responding Young’s modulus. The Youngs modulus of the bare fiber is Ef=69
GPa [11] and of palladium is EPd=121 GPa [59]. We can adjust Y, and thus the
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Figure 4.3: Maximum response (wavelength change) of a palladium based hy-
drogen sensor using an FBG at 90◦C.

hydrogen sensitivity of the sensor, by altering the ratio of the CSAs of palla-
dium and fiber (CSA ratio=CSAPd/CSAf). The normalized wavelength change
can be calculated using Y/(1 +Y ) for different CSA ratios and is shown in Fig-
ure 4.4.

The hydrogen response of the sensor can now be calculated by multiplying
the calculated maximum wavelength change at a certain temperature (Figure
4.3) with the normalized wavelength change of a sensor having a certain CSA
ratio (Figure 4.4).

4.1.3 Amplification of the signal to increase the sensitivity

If the required sensitivity cannot be achieved by selecting the right working
temperature and geometry, two different options for amplifying the sensitiv-
ity of palladium are possible: choosing a sensor design that mechanically am-
plifies the expansion for the palladium, or choosing a palladium alloy with
increased hydrogen solubility.

Mechanical amplification is acheived by concentrating the expansion of a
large palladium element on a short FBG. To our knowledge, only one example
of the mechanical amplification has been reported for hydrogen sensing so
far [95]. Figure 4.5 shows the working principle in a schematic drawing. The
expansion of the palladium body with hydrogen absorption is transduced only
in the short length of the FBG, since the sensor element itself is significantly
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Figure 4.4: Influence of the ratio of cross-sectional area of palladium and fiber
on the response of the sensor.

Figure 4.5: Strain concentration concept (adapted from [95]).

stiffer and does not expand. Here, the amplification is given by the ratio of the
length of the palladium element (a) to the length of the FBG (b). For structural
integrity of this sensor a relativly large and thick palladium tube was used
(5 mm diameter, 300 µm wall thickness) [95]. For temperature measurements
with FBG several similar concepts have been reported [73, 83, 84, 84]

An example for amplification via increased hydrogen solubility is the use
of palladium silver. Palladium silver has an increased hydrogen solubility at
low n (n <0.25, Ag<30%, 50◦C) [25]. This means higher n at constant temper-
ature and hydrogen partial pressure than pure palladium [82]. The Sieverts’s
constant (see Table 2.2) can be used to estimate the increase of hydrogen sol-
ubility and therefore amplification of the hydrogen sensitivity of palladium
silver compared to pure palladium. Using Sieverts’s law (2.10) the amplifica-
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tion is can be expressed as

ϕ =
εPdAg

εPd
=
nPdAg

nPd
=
KPdAg

KPd
(4.4)

where ε is the strain of the metal due to hydrogen absorption, n=H/Pd is hy-
drogen concentration in the palladium and K is the Sievertss constant. By
alloying 10, 20, and 30% silver an amplification of 4.2, 9.0, and 17.2 can be ex-
pected at 90◦C. Several coated FBG sensors relying on this amplification con-
cept have been reported (see Table 2.3).

4.2 Sensor design and manufacturing

After explaining the main design principles for an optimized hydrogen sen-
sor, they are applied.In this section the design and manufacturing processes
of the different hydrogen sensors developed for this thesis are described. Sev-
eral different sensor designs have been developed and manufactured: coated
sensors and foil sensors. The coated sensors are all-around coated with pal-
ladium. The foil sensors have either a 20 or 100 µm palladium foil attached
to the fiber. Furthermore, two sensors with amplified sensitivity were devel-
oped. One uses palladium silver foil with a higher hydrogen solubility and the
other one uses a new concept based on a pre-strained sensor holder. For the
wrapped 20 µm (see Section 4.2.2) and 100 µm (see Section 4.2.3) palladium foil
sensors two manufacturing processes are described. Each have an initial and
improved manufacturing process. Furthermore, for the initial manufacturing
process two adhesives NOA83H and NOA86H were used. As both have a
glass transition temperature below 45◦C, the adhesive was changed to ADR
243 for the improved and the other manufacturing processes.

4.2.1 Coated sensor

To increase the sensitivity of the coated sensor the CSA ratio of the sensor is
increased by decreasing the diameter of the FBG. The diameter was reduced
from 125 to 85 µm by etching the FBG with potassium hydroxide 35 wt% KOH
at 130◦C. Then the fiber was mounted on a fixture (see Figure 3.2 (a)), allowing
sputter coating from two sides. A thin layer of titanium, chrome, nickel be-
tween palladium and fiber is often used to increase the adhesion and prevent
the palladium from peeling off the fiber [36, 41, 44, 114, 158]. Therefore, a 30
nm titanium adhesion layer and 1600 nm palladium layer were sputter coated
consecutively. Afterwards, the fixture was turned upside down and the other
side of the fiber was coated (schematic cross-sectional view of the sensor in
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Figure 4.6: Cross-sectional view of coated sensor. (a) schematic, (b) SEM image.

Figure 4.6 (a)). SEM analysis of the sensors shows that sputtering creates an el-
liptically shaped coating around the etched fiber (Figure 4.6 (b)). The thickness
on the thick side is around 1600 nm and at the thin side around 1200 nm.

4.2.2 Wrapped 20 µm palladium foil sensor

The first foil sensor produced was a 20 µm palladium foil adhesively bonded to
the FBG. The palladium foil creates a significantly larger CSA ratio compared
to the coated sensor resulting in an increased hydrogen sensitivity of the sen-
sor. Since the 20 µm palladium foil can be easily shaped, a process was devel-
oped to create a thin bond line by wrapping the foil around the fiber. For this
sensor two different manufacturing processes are described. The initial manu-
facturing process was developed for a proof of principle, is fully manual and
therefore, the reproducibility is strongly dependent on the human factor. The
improved manufacturing process was developed to increase the reproducibil-
ity of the sensor, included a manufacturing fixture and reduced the influence
of the operator.

The initial manufacturing process is shown in Figure 4.7 (a). The process is
as follows: Firstly, the fiber was coated with an adhesive (NOA83H). Secondly,
the foil (20 mm x 10 mm, the dimension was chosen to cover the whole length
of the FBG and to allow wrapping, and tightening) was wrapped around the
fiber. Then, with the help of two straight-edge tools, the foil was tightened
around the fiber while laying on a hotplate. The hotplate was set to a surface
temperature of 125◦C. The fiber-foil-assembly (still under tension) was cured
on the hotplate for 10 minutes. Finally, the sensors were post cured in the ex-
perimental setup at 90◦C for 12 hours. Figure 4.7 (b) shows that wrapping the
20 µm palladium foil around the FBG creates a thin bond line on two opposing
parts of the fiber, and two adhesive filled voids.

The initial manufacturing process described has the advantage that only
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Figure 4.7: Cross-sectional view of 20 µm foil sensor. (a) schematic manufac-
turing process, (b) SEM image (adhesive in false colour).

simple tools are necessary. However, the disadvantage is, that tightening the
foil around a bare,fragile fiber and keeping the pressure on the foil-fiber-assembly
constant during the 10 minute cure is challenging task for the operator.

The improved manufacturing process was developed to reduce the hu-
man factor and improve the reproducibility of the sensor. Thus, a manufac-
turing fixture was made that tightens thin palladium foils around a bare fiber
through the use of a spring loaded stage (see Figure 4.8(a)). The fixture enables
a repeatable force to be applied during manufacturing. The fixture consist of
a clamp holding the palladium foil, a spring-loaded stage to strain the palla-
dium foil, and two sheets to create a slot through which the palladium foil is
pulled. All of these components are mounted on a metal angle. The manufac-
turing process is as follows (see Figure 4.8 (a)): Firstly, the 20 µm palladium foil
(20 x 20 mm, the dimension was chosen to cover the whole length of the FBG
and to allow clamping) is folded along the sides, leaving a loop to later insert
the fiber. Secondly, the free ends are clamped down and the clamp is mounted
on the stage. Then, the loop is guided through the slot, before the sheets are
tightened leaving a narrow slot. The fiber is coated with adhesive (ADR243),
inserted and placed within the loop. Afterwards, the stage is slowly released
and the force of the spring pulls back the stage, and with it the foil. The size
of the loop decreases until it sits firmly around the fiber. Finally, the whole
assembly is placed on a hotplate with the foil-fiber facing the hotplate. The
surface temperature of the hotplate is set to 100◦C and the adhesive is cured
for 3 hours. An SEM analysis showed similar results to the initial manual
manufacturing method (Compare Figure 4.7(b) and Figure 4.8(b)). However,
the loop created by the wrapping tool is larger, which leads to more palladium
in the circumference of the fiber and is expected to have an increased hydrogen
response.



58 CHAPTER 4. SENSOR DESIGN

Figure 4.8: (a)Cross-sectional view of the foil wrapping fixture during the
wrapping process. (b) SEM image of the 20 µm palladium foil sensor man-
ufactured with the foil wrapping tool (adhesive in false colour).

The advantage of the improved manufacturing process is that with the
manufacturing fixture a constant force is applied on the foil-fiber-assembly
during curing and reducing the human factor and increasing the repeatabil-
ity.

4.2.3 100 µm palladium foil sensor

The second foil sensor has a 100 µm palladium foil adhesively bonded to the
FBG. The increased foil thickness compared to the 20 µm palladium foil results
in further improvement in sensitivity of the sensor. The 100 µm foil cannot be
easily shaped compared to the 20 µm foil. Therefore, a foil forming tool was
manufactured to imprint a groove (75 µm radius) into the palladium foil (20
mm x 2 mm, the length was chosen to cover the whole length of the FBG and
the width is a given product parameter) to increase the effective adhesive bond
area between the foil and the FBG.

The foil forming tool is made of tool steel and has a negative and positive
mold which are aligned by four pins. Two springs automatically open the tool
after the forming process. The negative mould is a rectangular groove (2 mm
width) with a spark eroded circular groove (350 µm diameter) in its center. The
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Figure 4.9: Foil forming tool (a) and SEM image of cross-sectional view of
formed foil (b).

positive mould is a 150 µm tungsten wire aligned in a V-groove. The wire is
tightened and held in place with a tensioning device (see Figure 4.9 (a)). The
tool was closed with a pneumatic press. With 1250 N closing force satisfactory
results were achieved (see Figure 4.9 (b)).

For the 100 µm palladium foil sensor also two different manufacturing pro-
cesses are described. Similar to the 20 µm palladium foil sensor presented in
the previous subsection, the initial manufacturing process was developed for a
proof of principle. It is also fully manual and therefore, the reproducibility can
be strongly dependent on the human factor. For the improved manufacturing
process the vacuum bagging method was adapted for our application. A man-
ufacturing tool was developed, allowing the simultaneous manufacturing of
up to 16 sensors.

The initial manufacturing process was as follows (see Figure 4.10 (a) and
(b)). Firstly, the fiber is attached to the aluminium fixture in a way that the
FBG touches the bottom under slight pressure, due to the bending of the fiber.
Secondly, a small amount of adhesive is applied in the groove of the formed
palladium foil and the fiber is coated with a thin adhesive layer (NOA83H, or
NOA86H). Then, the fiber was positioned in the groove. A hotplate is used to
cure the adhesive. The surface temperature of the hotplate is set to 125◦C and
the adhesive is cured for 10 minutes. Finally, the sensors are post cured in the
experimental setup at 90◦C for 12 hours. The initial manufacturing process has
the advantage that only a few simple tools are necessary for manufacturing.
The disadvantage is that the thickness of the adhesive layer is not well con-
trolled. Analysing several sensors under the SEM showed that the thickness of
the adhesive layer between fiber and palladium could range from around d=1
µm to 20 µm (see 4.10 (c)and (d)).

The improved manufacturing process includes a purpose built tool that al-
lows vacuum bagging of a palladium(foil)-fiber-composite (see Figure 4.11 (a)).
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Figure 4.10: Images of the 100 µm foil sensor. (a) schematic manufacturing
process, (b) schematic cross-sectional view, (c) cross-sectional SEM image with
thin bond line, and (d) with thick bond line (adhesive in false colour).
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During vacuum bagging a vacuum is generated between a mould and an air
tight film. The air tight film transduces the (atmospheric) pressure difference
in a force which is applied on the palladium(foil)-fiber-composite between the
mould and the air tight foil. The tool has rectangular grooves enabling the
alignment of the foil on the tool (see Figure 4.11 (a)). A V-groove in the center
of each rectangular groove enables the alignment of the fiber in the center of
the foil. A non-stick PTFE release fabric is applied on the aluminium mould.

The manufacturing process is as follows: Firstly, the formed palladium foil
(20 mm x 2 mm) is placed in the rectangular groove of the vacuum bagging
tool. Secondly, the fiber is aligned in the groove of the foil and a small amount
of adhesive is applied (ADR243). Then, the vacuum bagging layers are placed
on top. A schematic of this manufacturing process is shown in Figure 4.11 (a).
With the vacuum bagging an even force is applied pushing the fiber firmly
into the groove and creating a controlled, thin bond line. The vacuum bagging
follows common commercial practice and consists of the following layers (see
Figure 4.11 (a)). The foil and fiber are covered with a non-stick release film and
peel ply. The release film and peel ply are perforated and allow the adhesive
to flow to the breather/ bleeder material. The breather/ bleeder material ab-
sorbs excessive adhesive and allows full evacuation over the whole area. The
vacuum bagging film is the top layer. The vacuum bagging film is sealed to
the aluminium mould with vacuum sealant tape. The system can be evacu-
ated causing the atmospheric pressure to apply an even force over the vacuum
bagging film on to the fiber. To cure the adhesive the vacuum bagging tool is
placed on a hotplate. The surface temperature at the sensor is set to 100◦C and
the adhesive is cured for 3 hours. Vacuum bagging proved to be an excellent
method for sensor manufacturing. An SEM analysis demonstrated good fiber
groove alignment for the 100 µm palladium foil with vacuum bagging (see
Figure Figure 4.11 (b)). In addition the bond line thickness is decreased down
to below 1 µm. Furthermore, up to 16 sensor can be manufactured simulta-
neously with the tool. The repeatability for 15 simultaneously manufactured
sensors was in the range of 2% concerning the sensor response.

With a silicon oxide membrane the cross-sensitivity to carbon monoxide
was tried to be improved [69]. After forming the 100 µm palladium foils, they
were mounted in the holder for sputter coating (see Figure 3.2 (b)). A 100
nm silicon dioxide layer was sputter coated on both sides of the foil. After-
wards, the sensor manufacturing proceeded with the improved manufacturing
method using vacuum bagging. The hydrogen response and cross-sensitivity
to carbon monoxide of the sensors with silicon dioxide membrane was tested
and compared to sensors without membrane (see chapter 8).
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Figure 4.11: Images of the 100 µm palladium foil sensor. (a) schematic manu-
facturing process of the 100 µm and sandwiched 20 µm palladium foil sensor,
(b) SEM cross-sectional view of the 100 µm palladium foil sensor (adhesive in
false colour), (c) SEM cross-sectional view of the sandwiched 20 µm palladium
foil sensor (adhesive in false colour).

4.2.4 20 µm sandwiched palladium foil sensors

With the development of the vacuum bagging tool, further new sensor designs
became technically feasible. A third type of foil sensor that has a fiber sand-
wiched between two thin, flexible palladium foils is manufactured via the vac-
uum bagging method. The pressure applied by vacuum bagging bends the foil
around the fiber and creates a thin bond line without pre-imprinting the foil.
The manufacturing process is as follows: Firstly, one 20 µm palladium foil (20
mm x 2 mm, the dimension was chosen to cover the whole length of the FBG
and to fit into the slots of the vacuum bagging tool) is placed in the rectangu-
lar groove of the tool and the fiber is aligned in the center. Secondly, a small
amount of adhesive is applied (ADR243), before the second 20 µm palladium
foil (20 mm x 2 mm) is placed on top. Then, the vacuum bagging layers are
placed on top. The schematic manufacturing process of the sandwiched de-
sign is also shown in Figure 4.11 (a). With the vacuum bagging an even force is
applied on the palladium foil, forming it around the fiber, and creating a thin
bond line (see Figure 4.11 (c)).
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Figure 4.12: Schematic of pre-strained sensor design.

4.2.5 10 µm sandwiched palladium silver foil sensor

Apart from the sandwiched 20 µm palladium foil sensor a sandwiched sensor
with palladium silver foil was developed. This sensor design uses a palladium
silver foil with increased hydrogen solubility to improve the sensitivity of the
sensor. Palladium silver has an higher hydrogen solubility compared to pure
palladium which leads to a increased expansion of the palladium alloy and
therefore increased sensitivity of the sensor (see Section 2.2.5 and 4.1.2).

The palladium silver foil is 10 µm thick and is made of 75 % palladium and
25 % silver. These flexible palladium silver foils (20 mm x 2 mm, the dimension
was chosen to cover the whole length of the FBG and to fit into the slots of the
vacuum bagging tool) are bonded to the FBG (sandwiched) with the vacuum
bagging method as described in Section 4.2.4. With a 25% silver concentration
we would expect an amplification of around 9-17 (see Section 4.1.3).

4.2.6 Pre-strained 100 µm palladium foil sensor

Another approach to amplify the sensitivity of the sensor is with a new design
for mechanical amplification of the expanding palladium. This design concept
is novel and original. To our knowledge a sensor based on a pre-strained FBG
that measures the expansion of a sensing element with a negative wavelength
change has not been reported before. A new approach for strain concentration
and to mechanically amplify the expansion of the palladium is to bond a pal-
ladium foil to the end of an FBG and bond the assembly to a sensor holder.
The FBG is isolated from the palladium and the palladium foil is significantly
longer than the isolated length of the FBG. Therefore, a strain concentration of
the expanding palladium on the FBG can be achieved. The sensor holder con-
sist of two sensor elements, two pins and an adjustable screw (Figure 4.12).
With the screw (M4, 1 whole turn causes 0.7 mm linear displacement) the
distance between the two sensor elements can be altered and the FBG pre-
strained.
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When the sensor is exposed to hydrogen, the palladium expands due to
hydrogen absorption. As a consequence the strain of the FBG is reduced and
a negative wavelength change can be detected. In the absence of hydrogen,
the palladium desorbs hydrogen, contracts and therefore, again increases the
stress on the FBG. The amplification of the sensor design is given by the ratio
of palladium foil length a to fiber length b. Therefore, the amplification is given
by

ϕ =
a

b
(4.5)

The length b needs to be at least the length of the FBG and care must be taken
that the FBG is not located on the sensor element or foil/bond interface. The
length a is chosen to achieve the desired amplification. The amplification, and
therefore sensitivity, of the sensor is only limited by the pre-strain of the sen-
sor. When the palladium expansion is equal to the pre-strain, the FBG cannot
sense further expansion of the palladium. Therefore, care has to be taken when
designing the pre-strained sensor that the expected maximum hydrogen con-
centration does not lead to a palladium expansion that exceeds the pre-strain.
In order to minimize the temperature sensitivity of the sensor the sensor holder
elements and pins shown in Figure 4.12 are machined from RoyAlloy (C: 0,05;
Si: 0,4:Mn: 1,2; Cr: 12,6; S: 0,12) . RoyAlloy has a similar coefficient of thermal
expansion to that of palladium (RoyAlloy: 11 · 10−6 m/(m K), Pd: 11.8 · 10−6

m/(m K)), creating only a small temperature dependency. The manufactur-
ing of this sensor assembly is as follows: Firstly a 150 µm diameter groove (20
mm length) is imprinted in one end of a 100 µm palladium foil (2 mm x 100
mm) using the foil forming tool. Secondly, the fiber is aligned in the groove
and adhesive (ADR243) is applied on the interface. The adhesive is cured on
a hotplate at 100◦C for 3 hours. Then, the fiber is aligned on the one sensor
element, and the foil is aligned on the other sensor element. The fiber and foil
are adhesively bonded to the holder as in the previous step. Finally, the fiber
is pre-strained by turning the screw and therefore, increasing the gap between
the two elements of the sensor holder. The pre-straining is monitored by the
peak wavelength shift of the FBG. The pre-strain is set to around 5 nm. After
pre-straining, relaxation can be observed by monitoring the peak wavelength.
At room temperature the relaxation process took around 3 hours and had a 200
pm wavelength shift.
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4.3 Sensor calibration

After manufacturing, each individual sensor needs to be calibrated before it
can be used to reliably measure hydrogen concentrations. The straight for-
ward, but also extensive method is a multi-point calibration. A faster method
is a single-point calibration, however, for this a precise knowledge of the sys-
tem is necessary. The hydrogen response of the manufactured sensors can be
theoretically predicted by the equations introduced in previous sections. We
assume that deviation from the theoretical value (besides uncertainties of con-
stants kε, C, and the geometrical and material properties APd, Af, EPd, Ef) are
mainly due to the strain transfer between expanding palladium and fiber. The
strain transfer can be addressed and quantified by introducing a coefficient of
strain transfer kST [140]. The strain of the FBG can be expressed as

∆ε = kST∆ε′ (4.6)

Inserting this expression into (2.15) leads to

∆λ = kεkST∆ε′ + kT∆T (4.7)

If the strain of the expanding palladium can be fully transduced into the
fiber, the coefficient is 1. If the strain is not fully transduced into the fiber (e.g.,
due to elasticity of the bonding material, partial delamination of the bonding
surface) the coefficient has a value between 0 and 1. If the palladium does not
transduce strain into the fiber (e.g., full delamination of the bonding surface)
the coefficient is 0.

For some sensors investigated in experiments and presented in the follow-
ing chapters kST proved to be larger than 1, which by definition should not
be possible. However, several constants and parameters in the equations pre-
sented in Chapter 2 and Chapter 4 have high uncertainties, which can explain
this phenomenon (e.g., the scaling factor C has a uncertainty of around 5% (see
Equation (4.1)).

In Chapter 9 three different methods are discussed to determine the coeffi-
cient of strain transfer. The most obvious method to determine the coefficient
is via a hydrogen measurement. In addition, a new method via temperature
measurement is presented that relies on the thermal expansion of palladium.
Finally, a third method via strain measurement is described. This conventional
method relies on comparing the strain measured with an FBG to the strain
measured with a resistive, foil strain gauge.
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Now the hydrogen concentration in gas can be determined with

cH2 gas =
1.013

ptotal
exp

(
13.04− 2327

T
− 11110n

T
+ 2 ln

(
n

1− n

))
(4.8)

and the dissolved hydrogen concentration in oil with

cH2 dissolved = kOst.
1.013

ptotal
exp

(
13.04− 2327

T
− 11110n

T
+ 2 ln

(
n

1− n

))
(4.9)

where ptotal is the ambient pressure in bar, T is the temperature in Kelvin, kOst.

is the Ostwald coefficient and n is

n =
∆λ

CkεkST

1 + Y

Y
. (4.10)



Chapter 5

Coated and first generation foil
sensors

In this chapter the results of the coated sensors and the first generation wrapped
20 µm and 100 µm foil sensors using the initial manufacturing methods (see
Sections 4.2.2 and 4.2.3) are presented and discussed. In this chapter we show
the sensitivity limitations of the coated sensors, and the sensitivity increase us-
ing the palladium foil sensors. Furthermore, we highlight the deviation of the
measured from the calculated sensitivity, which implies that potential exists
for further increase in sensitivity.

5.1 The coated sensor

Two coated sensors (C1 and C2) were manufactured according to Section 4.2.1
and tested over a period of 3 months in changing hydrogen-nitrogen-mixtures
and at different temperatures. On day 1 testing was performed at 30.1±0.1◦C
with a gas mixture of 2500 ppm hydrogen. On day 2 testing was performed
at 90.2±0.23◦C for a concentration range of 1-5% hydrogen. Afterwards the
sensors were kept in pure nitrogen atmosphere at 90◦C. On day 32 testing was
performed at 89.6±0.23◦C and 5% hydrogen. Afterwards, the sensors were
again kept in nitrogen atmosphere at 90◦C. On day 82 testing was performed at
90.2±0.3◦C for 1-5% hydrogen. This was followed by testing at 60.1±0.3 ◦C and
120.4±0.3◦C for 1-5% hydrogen. This testing sequence was chosen, because on
day two the response of the two sensors differed significantly. We assumed
that a relaxation, or annealing process at 90◦C over several days would have an
positive impact. On day 32 the hydrogen response was found to be similar for
the two sensors. No further improvement was observed at day 82. Therefore,
the characterisation of the sensor was performed following day 82. During the
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Figure 5.1: Sensor signal of the coated sensor C2 on day 82 at 90◦C for a con-
centration range of 1-5% hydrogen and the corresponding fit.

hydrogen testing the pressure in the chamber was 1065±5 mbar. To determine
the final wavelength change of each hydrogen measurement and the response
time a function following an exponential decay (y=a*exp(b*x)+c) was fitted to
the data. This fitting function was selected since the equations (2.9) given in
Section 2.2.3 can be well approximated by an exponential decay function [112].

5.1.1 Results

Figure 5.1 shows a sensor signal of the coated sensor C2 on day 82 at 90◦C for
a concentration range of 1-5% hydrogen and the corresponding fit (Sensor C1
behaves similarly).

Figure 5.2 shows the initial (day 2) and final (day 82) response of both sen-
sors C1 and C2 to 1-5% hydrogen at 90◦C. Initially, C2 had a significantly lower
response than C1. After 82 days the response of both sensors is similar. The
5% hydrogen testing on day 2, 32 and 82 indicates that equalisation occurred
before day 32, since there is no further increase in response after day 32.

Figure 5.3 shows the hydrogen response of sensor C2 to 1-5% hydrogen at
different temperatures. Also displayed is the calculated hydrogen response of
the sensor C2 (dashed line), as described in Section 9.1 with a coefficient of
strain transfer kST of 0.34. Here, the value for kST of the sensor C2 was obtained
by averaging kST calculated for each hydrogen concentration and temperature.
At 30◦C only 2500 ppm hydrogen were tested to avoid the phase change re-
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Figure 5.2: Response to 1-5% hydrogen at 90◦C of the coated sensor C1 (black)
and C2 (red) after 2 (solid) and 82 (dashed) days.

gion. The 99% response time (99% of the final response is reached, derived
from the fitting function), of both sensors is similar and decreases with in-
creasing temperature. It is around 40 min for a 0 to 5% hydrogen step at 90◦C.

Figure 5.4 shows the temperature sensitivity of a bare reference fiber (10.95
pm/ ◦C), the coated sensors C1 (11.61 pm/ ◦C), and C2 (11.52 pm/ ◦C), and
the calculated maximum sensitivity of the coated sensors (12.38 pm / ◦C). The
value kST=1 was used to calculate the maximum temperature sensitivity (see
Section 9.2). The deviation between measured and calculated sensitivity is due
to kST 6= 1 for C1 and C2.

5.1.2 Discussion

The coated sensor C1 was stable over 82 days. The coated sensor C2 improved
its sensitivity over time. Eventually both coated sensors showed a similar re-
sponse to hydrogen (compare Figure 5.2). Possible reasons for the improve-
ment in sensitivity of sensor C2 are that (a) the adhesion between the fiber and
the titanium layer, and/ or between the titanium layer and the palladium layer
improved and therefore, more strain was transduced into the fiber, or alterna-
tively, (b) annealing the palladium itself improved the hydrogen absorption
and therefore increases the expansion and response. However, even after this
improvement the kST for C1 and C2 are around 0.38 and 0.34, which implies
that only around a third of the expansion of the palladium is transfered to the
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Figure 5.3: Calculated response (dashed line) with kST=0.34 and experimental
data (scatter) of the coated sensor C2 at various hydrogen concentrations and
temperatures.

Figure 5.4: Temperature sensitivity of the coated sensors C1 and C2 and the
uncoated reference fiber. Also shown the maximum, calculated temperature
sensitivity of the coated fiber.
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FBG. This is unexpected, as we use a 30 nm titanium layer to improve the ad-
hesion and strain transfer between palladium and fiber. Unfortunately, com-
paring the adhesion to other in literature reported sensors is not possible, since
the coefficient of strain transfer has not been determined for other hydrogen
sensors. The adhesion might be improved, by a surface treatment of the fiber
(e.g., micro-structuring [75,158] or by changing the adhesion layer parameters
(e.g., thickness, and material [43, 116]).

The exponential fit describes the hydrogen response of the coated sensors
well (see 5.1). Examining Figure 5.1 also shows a moderate signal to noise ratio
of around 4, which is influenced by the wavelength accuracy of the optical
equipment, the data processing approach and the relatively low signal of the
coated sensor.

The coated sensors showed the expected temperature dependency of the
hydrogen sensitivity. Lower temperatures result in a higher hydrogen sensi-
tivity. The wavelength change of sensor C2 due to 1% hydrogen is equivalent
to the wavelength change due to 1◦C at 60◦C, 90◦C and 120◦C. The wavelength
change due to 5% is equivalent to wavelength change due to 3◦C at 60◦C, 2.5◦C
at 90◦C and 1.5◦C at 120◦C. This implies a high temperature cross-sensitivity
of the coated sensors.

5.2 The wrapped 20 µm and 100 µm foil sensors with

the initial manufacturing methods

The foil sensors were manufactured according to Sections 4.2.2 and 4.2.3. For
these sensors, two different adhesives were tested: The NOA83H and the
NOA86H (see Section 3.1.5). One objective of this experiment was a proof
of concept of the two sensor designs. The other objective was to determine an
appropriate adhesive to bond the foils to the fiber. Both adhesives used are ad-
vertised to withstand temperatures >125◦C. However, as we later found out,
their glass transition temperature is <125◦C. The manufactured sensors with
corresponding adhesives are listed in Table 5.1.

The foil sensors were tested over a period of 2 months (90.5±0.5◦C,c1065±5
mbar), firstly by cycling hydrogen and nitrogen (after each hydrogen concen-
tration the sensors were unloaded in nitrogen) with changing hydrogen con-
centration (5,1,2,3,4,5% hydrogen), and then by increasing the hydrogen con-
centration from 0 to 5% in 1% steps. Finally, after 30 days under hydrogen the
sensors were unloaded in nitrogen and then again tested in two 5% hydrogen-
nitrogen-cycles. The test sequence was chosen, to (a) characterise the sensors
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Table 5.1: List of sensors for experiment: 20 µm (wrapped) and 100 µm palla-
dium foil sensors with initial manufacturing methods

Name Foil Adhesive

F1 20 µm Pd foil NOA83H

F2 20 µm Pd foil NOA83H

T1 100 µm Pd foil NOA83H

T2 100 µm Pd foil NOA83H

T3 100 µm Pd foil NOA86H

T4 100 µm Pd foil NOA86H

over a hydrogen range from 0 to 5% and to (b) determine the unloading be-
haviour of the sensors after long term hydrogen exposure. Since a change in
sensitivity was observed after the unloading of the sensors, two additional 5%
hydrogen-nitrogen-cycles were conducted.

5.2.1 Results

Figure 5.5 shows the signal of sensor T4 on days 8–11 at 90◦C for the step
increases from 0 to 5% hydrogen. Also displayed is the corresponding expo-
nential fit. The other sensors show similar behaviour.

Figure 5.6 shows the response to 5% at 90◦C of the different foil sensors at
different days during the test period. It appeared that sensors F1, T1, and T2
were not stable over the whole experiment. In the further discussion we focus
on the sensors F2, T3, and T4 which were stable during the examination.

Figure 5.7 shows the hydrogen response of sensor F2, T3 and T4 at 90◦C.
The experimental values from hydrogen cycling (unloading with nitrogen after
each loading cycle) and hydrogen step increase are displayed as unfilled and
filled symbols respectively. The experimental data only shows minor deviation
from the calculated hydrogen response (dashed lines). kST for each sensor was
obtained by averaging the calculated value of kST of each hydrogen step. The
response time, when 99% of the final hydrogen response is reached (derived
from the exponential fit), of the foil sensors is around 4 hours for the 20 µm
and around 8 hours for the 100 µm Pd foil sensor for a 0 to 5% hydrogen step
at 90◦C.

Figure 5.8 shows the temperature sensitivity of the reference fiber (10.86
pm/ ◦C), the 20 µm foil sensor F2 (20.87 pm/◦C), the 100 µm foil sensors T3
(16.12 pm/◦C) and T4 (14.71 pm/ ◦C), and the calculated maximum temper-
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Figure 5.5: Sensor signal of foil sensor T4 and fit at 90 ◦C. The black line is the
measures signal (wavelength stability ±2 pm), the red line is the fit (exponen-
tial decay).

Figure 5.6: Response of the foil sensors to 5% hydrogen at 90◦C on days 2, 6,
43 and 48.
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Figure 5.7: The calculated response (dashed line) and experimental deter-
mined response (points) of the foil sensors F2, T3 and T4 to 1-5% hydrogen
at 90◦C.

ature sensitivity with kST=1 (21.27 pm/◦C for the 20 µm foil sensor and 24.62
pm/◦C for the 100 µm foil sensor). The deviation between measured and cal-
culated maximum sensitivity is again due to kST 6=1 for the sensors F2, T3, and
T4.

5.2.2 Discussion

The foil sensors F2, T3 and T4 were stable over the period of the experiment.
The sensors F1, T1 and T2 were not stable over time (Figure 5.6). A possible
reason is a post curing of the adhesive. This implies that the initial curing was
not long enough and/or the curing temperature was to low. The foil sensors of
each type were manufactured in the same way as described in Chapter 4. How-
ever, since the processes are not automated, small differences in curing time,
temperature and positioning of the sensor on the hotplate are likely and can
explain the different post curing behaviour. For sensors T1 and T2 the adhe-
sive NOA83H was used and for the sensors T3 and T4 the adhesive NOA86H.
The sensors T1 and T2 showed post curing behaviour whereas the sensors T3
and T4 did not. This implies a correlation between choice of adhesive and post
curing, however post curing was not observed on sensor F2 which also uses
NOA83H as an adhesive.

For the foil sensors, the exponential fit describes the hydrogen response



5.3. COMPARISON OF THE PERFORMANCE 75

Figure 5.8: Temperature response of the foil sensors F2, T3 and T4 and the
uncoated reference fiber. Also shown are the calculated temperature response
of the foil sensors F and T.

well (see Figure 5.5). The signal to noise ratio is >50 for all foil sensors.

The wavelength change of sensor F2, T3, and T4 due to 1% hydrogen at
90◦C is equivalent to the wavelength change due to 10◦C, 7◦C, and 5◦C respec-
tively. The wavelength change of sensor F2, T3, and T4 due to 5% hydrogen
at 90◦C is equivalent to the wavelength change due to 24◦C, 17◦C, and 13◦C
respectively. The hydrogen-nitrogen cycles and hydrogen step increase show
similar results (Figure 5.7). This suggests high consistency of the individual
foil sensors. The kST for the foil sensors are 0.97, 0.39, and 0.28 for the sensors
F2, T3, and T4 respectively. This implies that especially for the 100 µm foil sen-
sors only around a third or less of the expansion of the palladium is straining
the FBG.

5.3 Comparison of the performance of the coated

versus the foil sensors

In this section we compare the results of the coated and the foil sensors. The
sensitivity to hydrogen and temperature of all the sensors is listed in Table 5.2.
The hydrogen sensitivity was obtained for a 1% hydrogen step at 90◦C. The
coated sensors have a sensitivity of around 10 pm/%, which is up to 21 times
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Table 5.2: Hydrogen and temperature sensitivity, and resolution and accuracy
of the coated and foil sensors. The hydrogen sensitivity was obtained for a
1% hydrogen step at 90 ◦C. The resolution and accuracy was obtained for 1%
hydrogen step at 90 ◦C

Sensitivity C1 C2 F2 T3 T4

Hydrogen (pm/% H2) 10.9 9.6 212.6 111.5 78.7

Temperature (pm/◦C) 11.6 11.5 20.9 16.1 14.7

Resolution (% H2) 0.17 0.19 0.009 0.016 0.023

Accuracy (±% H2) 0.51 0.57 0.03 0.05 0.07

lower than the foil sensors. Of the foil sensors the 20 µm Pd foil sensor has the
highest sensitivity with 212.6 pm/% H2 followed by the 100 µm foil sensors
with 78.8 and 111.5 pm/%. The temperature sensitivity of the sensors varies
from 11.5-20.9 pm/◦C.

The resolution of the sensor is calculated by dividing the wavelength reso-
lution of the optical spectrum analyzer (around 1 pm) by the slope of the sensor
response of Figure 5.3 and Figure 5.7. At 1% hydrogen and 90◦C the resolution
is around 0.17% hydrogen for C1, 0.19% hydrogen for C2, 0.009% hydrogen
for F2, 0.016% hydrogen for T3 and 0.023% hydrogen for T4. However, the
sensitivity, and therefore resolution decreases with increasing hydrogen con-
centration. This is due to the fact that the mole ratio n=H/Pd, and therefore,
the hydrogen response does not increase linearly with increasing hydrogen
concentration (see Chapter 4). The accuracy of the sensor can be calculated by
dividing the accuracy of the optical measurement and data processing (±3 pm)
by the slope of the sensor response. At 1% hydrogen and 90◦C the resolution is
around ±0.51% hydrogen for C1, ±0.57% hydrogen for C2, ±0.03% hydrogen
for F2, ±0.05% hydrogen for T3 and ±0.07% hydrogen for T4.

Overall, the hydrogen sensitivity of the foil sensors is significantly higher
than that of the coated sensors. This can be explained with the increased CSA
ratio of the foil sensors compared to the coated sensors (compare Figure 4.4).
Generally, the following rule applies: the thicker the Pd layer the more sensi-
tive is the sensor. However, the thicker the Pd layer is chosen the slower the
response time becomes due to the longer diffusion time within the Pd. The
sensitivity of the 20 µm Pd foil sensor is higher than the sensitivity of the 100
µm palladium foil sensors. This is in contradiction of the calculations, but this
can be explained by the imperfect strain transfer. kST is larger for the 20 µm pal-
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ladium foil sensors which implies the strain transfer of the 20 µm palladium
foil into the fiber is considerably higher than that of the 100 µm palladium foil.
The fact that the 20 µm palladium foil sensor has a higher kST might be due
to higher pressure applied during its manufacturing process creating a thinner
bond line compared to the 100 µm palladium foil sensors (compare Figure 4.10
and Figure 4.7)

Comparing the presented sensors to other reported hydrogen sensor, the
foil sensors have similar measuring range, and accuracy [65]. Literature val-
ues for (pure) palladium coated FBG are mainly obtained at room temperature
and range from 20- 80 pm/% H2 [124, 127]. Predicting the response to 1% hy-
drogen according to Figure 5.3 the sensitivity of the presented coated sensor is
around 20 pm/% H2 at 30 ◦C. Literature values for sensors based on FBG with
adhesively bonded palladium bodies are 300 pm/% H2 at 95◦C for a palladium
tube (wall thickness 33 µm) [131] and 290 pm/% H2 at 80◦C for a side polished
FBG with a 2 µm palladium foil [79].

5.4 Conclusion

All sensors showed a hydrogen response. Compared to the foil sensors, the
sensitivity of the coated sensors is low and the cross sensitivity to tempera-
ture is high. Furthermore, even in the lab environment the inaccuracy is larger
than ±0.5% hydrogen which makes them unsuitable for the practical applica-
tion for sensing hydrogen in a transformer. An accuracy of±0.5% hydrogen in
gas is equivalent to an accuracy of ±250 ppm dissolved hydrogen in oil (Ost-
wald coefficient 0.05), which makes a classification as described in Section 2.1.4
challenging. Even with possible improvement in the strain transfer between
palladium and fiber, the accuracy would be too low for this application.

The foil sensors seem to be a promising solution for hydrogen sensing
at low concentration. The sensitivity is significantly higher compared to the
coated sensors and the cross-sensitivity to temperature is lower. The accuracy
of all presented foil sensors would be high enough for the practical application
for sensing hydrogen in a transformer. There is also potential for improve-
ment of the the foil sensors by: (a) Choosing an adhesive with better curing
behaviour to eliminate the chance of accidental post-curing. In addition, the
adhesive should be chosen so that the glass transition temperature is above the
maximum expected working temperature (both adhesive used in this chapter
have a glass transition < 45◦C). (b) Improving the manufacturing method, to
improve the curing of the adhesive and control the bond line thickness (com-
pare Figure 4.10 (c),(d)).
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In conclusion, the foil sensors seemed to be a promising solution for the
hydrogen monitoring in transformers, and were thus further developed.



Chapter 6

Second generation foil sensors

In this chapter the results of three sensors are presented, discussed and com-
pared to the first generation foil sensors. The improved wrapped 20 µm pal-
ladium foil sensor with the new manufacturing method using a foil wrapping
tool (see Section 4.2.2). The improved 100 µm palladium foil sensor with the
new manufacturing method using vacuum bagging (see Section 4.2.3). The
new sandwiched 20 µm palladium foil sensor with the new manufacturing
method also using vacuum bagging (see 4.2.4).

All sensors were tested simultaneously in the same test chamber over a
period of around 68 days. During that period the test conditions were sta-
ble at 90.2±0.7◦C and 1062±10 mbar. Between hour 330 and 380 the circu-
lation pump stopped causing a slight temperature (91.5±0.5◦C) and pressure
(1090±5 mbar) increase. The test sequence was as follows; starting in nitro-
gen, hydrogen concentration steps to 0.25%, 1% and 5% hydrogen in nitrogen
were performed, and finally, the sensors were unloaded in air. Following this
test the sensors were cycled three time in 5% hydrogen in nitrogen and air to
determine the repeatability and response time. The test sequence was chosen
to characterise the sensors in a range of 0.25% to 5% hydrogen. Each step was
held for several days, since the sensors were tested simultaneously with the
sensors presented in Chapter 7, of which the palladium silver sensor had a
very slow response. The following three 5% hydrogen cycles were performed
to test the repeatability of the measurement.

To improve the peak detection a depolarizer was used during this set of
experiments. The depolarizer serves the purpose of depolarizing the incident
light of the polarized light source which was thought to reduce the effect of
birefringence that is common for surface bonded FBGs. However, adding the
depolarizer caused an increase in noise due to its temperature sensitivity and
daily temperature fluctuations. This effect can be seen in Figure 6.1 and be-
comes obvious when comparing it to Figure 5.5. In conclusion, we refrained

79



80 CHAPTER 6. SECOND GENERATION FOIL SENSORS

from using the depolarizer after this experiment, since the influence of birefrin-
gence on the peak detection is minor compared to the effect of the temperature
sensitivity of the depolarizer.

6.1 The wrapped 20 µm palladium foil sensor with

improved manufacturing process

Three wrapped 20 µm palladium foil sensors were manufactured according to
Section 4.2.2 using a wrapping tool and ADR 243 as an adhesive. ADR 243
has a heat deflection temperature of 135◦C which indicates a better thermal
stability compared to the adhesive used for the first generation foil sensors.
One sensor broke during installation in the test chamber, but the remaining
two sensors behaved similarly.

6.1.1 Results

The peak wavelength shift of one wrapped 20 µm Pd foil sensor due to 0.25%,
1% and 5% hydrogen in nitrogen is shown in Figure 6.1. The final response
to the hydrogen steps is 126, 252, and 606 pm respectively. After reaching the
maximum at the 5% step, the peak wavelength decreased by 53 pm to 553
pm. After unloading, the offset from the starting wavelength was -39 pm. In
the following three 5% hydrogen cycles the wavelength change was repeatable
with 589±3 ppm and the response time was around 30 minutes. The calculated
peak wavelength shifts of the sensor due to 0.25%, 1% and 5% hydrogen are
118, 242, and 587 pm respectively. The deviation of the calculated response
from the actual response is due to kST 6= 1.

The sensitivity of both sensors is displayed in Figure 6.2. Also displayed is
the calculated sensitivity with kST = 0.99. In the final three 5% hydrogen cycles
the response of the two sensors was repeatable with 575±2 ppm and 589±3
ppm. This leads to kST =0.98 and kST =1.00 The temperature sensitivity of the
sensors was 20.8 pm/◦C and 21.6 pm/◦C.

6.1.2 Discussion

The wavelength change of the sensor due to 1% hydrogen at 90◦C is equiva-
lent to the wavelength change caused by a temperature change of over 12◦C.
This implies low temperature cross sensitivity and is an improvement of 17%
compared to the sensor with the initial manufacturing process.
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Figure 6.1: Sensor signal of a wrapped 20 µm Pd foil sensor at 90◦C for three
different hydrogen concentrations. Also displayed is the calculated response
for each concentration.

Figure 6.2: Sensitivity of the wrapped 20 µm Pd foil sensors at 90◦C. Also dis-
played is the calculated sensitivity with the given kST.
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Figure 6.3: Comparison of the sensitivity with initial and improved manufac-
turing methods of the wrapped 20 µm Pd foil sensors at 90◦C. Also displayed
is the calculated sensitivity with the given kST.

The hydrogen response of the two manufactured sensors is similar and
within 3% of each other. This implies a high repeatability of the manufacturing
process.

Compared to the initial manufacturing process the improved process with
the manufacturing fixture increases the sensitivity by around 19% (see Figure
6.3). The increase is not only due to the increased strain transfer coefficient but
also due to the slightly different geometry of the sensor with more palladium
in the circumference of the fiber (compare Figure 4.8 and Figure 4.7).

6.2 The 100 µm palladium foil sensor with improved

manufacturing process

Three 100 µm palladium foil sensors were manufactured according to Section
4.2.3 using vacuum bagging and ADR 243 as an adhesive. One sensor broke
during installation in the test chamber, and the remaining two sensors behaved
similarly.
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Figure 6.4: Sensor signal of a 100 µm Pd foil sensor at 90◦C for three differ-
ent hydrogen concentrations. Also displayed the calculated response for each
concentration.

6.2.1 Results

The peak wavelength shifts of the sensor due to 0.25%, 1% and 5% hydrogen
in nitrogen are shown in Figure 6.4. The final response to the steps is 155, 302,
and 703 pm respectively. After unloading, the offset from the starting wave-
length was +16 pm. In the following three 5% hydrogen cycles the wavelength
change was repeatable with 687±3 ppm and the response time was around 3
hours. The calculated peak wavelength shifts of the sensor due to 0.25%, 1%
and 5% hydrogen were 140, 289, and 700 pm respectively. The deviation of the
calculated response from the actual response is due to kST 6= 1.

The sensitivity of both sensors is displayed in Figure 6.5. Also displayed is
the calculated sensitivity with kST = 0.99. In the final three 5% hydrogen cycles
the two sensors had repeatable response of 687±3 ppm and 706±4 ppm. This
leads to kST =0.98 and kST =1.01 respectively. The temperature sensitivity of
the sensors was 22.3 pm/◦C and 22.0 pm/◦C.

6.2.2 Discussion

The wavelength change of the sensor due to 1% hydrogen at 90◦C is equivalent
to the wavelength change caused by a temperature change of over 13◦C. This
implies low temperature cross sensitivity and is an improvement of approxi-
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Figure 6.5: Sensitivity of the 100 µm Pd foil sensors at 90◦C. Also displayed is
the calculated sensitivity with the given kST.

mately 96% over the sensor from the initial manufacturing process.

The hydrogen response of the two manufactured sensors is similar and
within 3% of each other. This implies a high repeatability of the manufacturing
process.

Compared to the initial manufacturing process the improved process with
the vacuum bagging process increases the sensitivity by around 160% (see Fig-
ure 6.5). This significant increase might be partly due to a higher stiffness of the
adhesive, but mainly due to the reduced bond line thickness that was achieved
with the vacuum bagging method.

6.3 The sandwiched 20 µm palladium foil sensor

Three sandwiched 20 µm palladium foil sensors were manufactured according
to Section 4.2.4 using vacuum bagging and ADR 243 as an adhesive. In this
sensor design, a bare fiber is sandwiched in-between two 20 µm palladium
foils. All three sensors behaved similarly.

6.3.1 Results

The peak wavelength shifts of the sensor due to 0.25%, 1% and 5% hydrogen
in nitrogen are shown in Figure 6.7. The final response to the steps is 145, 286,
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Figure 6.6: Comparison of the sensitivity with initial and improved manufac-
turing methods of the wrapped 100 µm Pd foil sensors at 90◦C. Also displayed
is the calculated sensitivity with the given kST.

and 689 pm respectively. After reaching the maximum at the 5% step, the peak
wavelength decreased by 28 pm to 661 pm. After unloading, the offset from
the starting wavelength was -26 pm. In the following three 5% hydrogen cycles
the wavelength change was repeatable with 689±2 ppm and the response time
was around 30 minutes. The calculated peak wavelength shift of the sensor
due to 0.25%, 1% and 5% hydrogen is 134, 275, and 666 pm respectively. The
deviation of the calculated response from the actual response is due to kST 6= 1.

The sensitivity of the three sensors is displayed in Figure 6.8. Also dis-
played is the calculated sensitivity with a kST = 1.06. In the final three 5%
hydrogen cycles the response of the two sensors was repeatable with 689±2
ppm, 700±1 and 714±2 ppm. This leads to kST =1.03, kST =1.05 and kST =1.07
respectively(which is discussed in Section 6.4). The temperature sensitivity of
the sensors was 23.2 pm/◦C, 22.9 pm/◦C and 23.3 pm/◦C.

6.3.2 Discussion

The wavelength change of the sensor due to 1% hydrogen at 90◦C is equivalent
to the wavelength change caused by a temperature change of over 12◦C. This
implies low temperature cross sensitivity.

The hydrogen response of the three manufactured sensors is similar and
within 4% of each other. This implies a high repeatability of the manufacturing
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Figure 6.7: Sensor signal of a sandwiched 20 µm Pd foil sensor at 90◦C for three
different hydrogen concentrations. Also displayed is the calculated response
for each concentration.

Figure 6.8: Sensitivity of the sandwiched 20 µm Pd foil sensors at 90◦C. Also
displayed the calculated sensitivity with the given kST.
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Table 6.1: Hydrogen and temperature sensitivity, resolution and accuracy of
the foil sensors presented in this chapter. The hydrogen sensitivity, resolution,
and accuracy was obtained for 1% hydrogen at 90 ◦C. The temperature and
hydrogen sensitivity are averaged over each group of sensors. The resolution
and accuracy is obtained using the slope of the calculated sensitivity given in
Figure 6.2, Figure 6.5, and Figure 6.8.

Sensitivity wrapped 20 µm Pd sandwiched 20 µm Pd 100 µm Pd

Hydrogen (pm/% H2) 253.5±1.5 295.0±7.1 295.9±5.7

Temperature (pm/◦C) 21.2±0.4 23.1±0.2 22.2±0.1

Resolution (ppm H2) 81.0 67.0 64.4

Accuracy (±ppm H2) 243.0 200.9 193.1

process.

6.4 Comparison of the performance of the second

generation foil sensors

In this section we compare the results of the three different foil sensors pre-
sented in this chapter.

The sensitivity to hydrogen and temperature of all sensors (the values were
averaged for each sensor type) is listed in Table 6.1. The hydrogen sensitivity
was obtained for a 1% hydrogen step at 90◦C. All sensors showed a good hy-
drogen response with 253-295 pm/% H2 and the sandwiched µm and the 100
µm palladium foil sensor particularly gave overall similar results. The temper-
ature sensitivity of the sensors is similar and in the range of 21-23 pm/◦C.

The resolution and accuracy were calculated as described in Chapter 5.
At 1% hydrogen and 90◦C the resolution is around 81 ppm hydrogen for the
wrapped, and 67 ppm hydrogen for the sandwiched 20 µm palladium foil sen-
sors. The 100 µm palladium foil sensor has a resolution of around 64 ppm.
At 1% hydrogen and 90◦C the accuracy is around ±243 ppm hydrogen for the
wrapped, and ±201 ppm hydrogen for sandwiched 20 µm palladium foil sen-
sors. The 100 µm palladium foil sensor has a resolution of around ±193 ppm.

All sensors presented in this chapter show excellent strain transfer between
palladium foil and fiber with kST ≥ 0.98. Several sensors show an kST >1,
which by definition is not possible (kST is defined as a value between 0 and
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1: at 0 no strain is transferred and at 1 all strain is transferred). However,
several constants and parameters in the equations presented in Chapter 2 and
Chapter 4 have uncertainties which can explain this phenomenon (e.g., the
scaling factor C alone has an uncertainty of around 5%: see Section 4.1.2)

6.5 Summary and conclusion

All sensors presented in this chapter show excellent hydrogen response. With
the new manufacturing tool the sensitivity of the wrapped 20 µm palladium
foil sensor could be increased by 19% and the manufacturing process proved
to be reproducible. The vacuum bagging allowed even higher increase in sen-
sitivity of around 160% for the 100 µm palladium foil sensor. This manufactur-
ing process also permitted reproducible manufacturing of sensors. With the
vacuum bagging, a new sensor design, the sandwiched 20 µm palladium foil
sensors was manufactured and tested. These sensors also showed excellent
hydrogen sensing behaviour.

An advantage of the 20 µm compared to the 100 µm palladium foil is the
faster response time due to the shorter diffusion time in the bulk palladium.
Another advantage is economic in nature as the decrease in thickness of the
foil decreases the amount of palladium and therefore cost of the sensor.

The disadvantage of the 20 µm palladium foil is the handling during man-
ufacturing. The manufacturing of the wrapped sensor design requires a high
level of finesse and is hard to scale with the current manufacturing fixture. The
vacuum bagging of the 20 µm palladium foil is more scalable. However, the
alignment of the fiber and foil is not trivial, and significantly more difficult
than it is for the 100 µm palladium foil with the imprinted groove.

Since response time is not the main optimization parameter of the sensor,
the 100 µm palladium foil sensor manufactured with vacuum bagging is a
promising solution for further development. The proven scalable manufac-
turing process with the vacuum bagging method is another beneficial and im-
portant factor for the commercial integration in a transformer. In Chapter 8 the
100 µm palladium foil sensor is characterised for various hydrogen concentra-
tion at different temperatures in gas and oil environment.



Chapter 7

Amplification concepts for
hydrogen sensors

In this chapter the results of two sensing concepts for amplifying the sensitivity
of palladium based hydrogen sensors are presented. The first sensor concept
uses palladium silver alloy foil with increased hydrogen solubility compared
to pure palladium. The second sensor concept is a novel design using a pre-
strained FBG and palladium foil, that concentrates the expansion of a longer
palladium body on a shorter FBG.

The sensors in this section were tested simultaneously with the sensors in
Chapter 6. During the experiment the test conditions were stable at 90.2±0.7◦C
and 1062±10 mbar.

7.1 The sandwiched 10 µm palladium silver foil sen-

sor

Three sandwiched 10 µm palladium silver foil sensors were manufactured ac-
cording to Section 4.2.5 using vacuum bagging and ADR 243 as an adhesive. A
foil with 10 µm thickness was chosen because of (a) the commercial availabil-
ity and (b) the expected faster response time compared to thicker foils. This
should decrease the effect of slower response time when using palladium sil-
ver instead of pure palladium for hydrogen sensing. The sandwiched design
was chosen, because the manufacturing process proved to be repeatable and
robust. One sensor broke during installation in the test chamber, and the re-
maining two sensors behaved similarly.
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Figure 7.1: Sensor signal of a sandwiched 10 µm palladium silver foil sensor at
90◦C for three different hydrogen concentrations. Also displayed is the calcu-
lated response for each concentration.

7.1.1 Results

The peak wavelength shift of one sandwiched µm palladium silver foil sensor
due to 0.25%, 1% and 5% hydrogen in nitrogen is shown in Figure 7.1. The final
response to the steps is 1934, and 4553 pm respectively. The response time was
around 100 hours. During the increase from 1% to 5% the sensor was destroyed
when the peak wavelength change was over 7.9 nm. The extensive expansion
of the palladium silver foil caused a partial delamination of the same from the
FBG and as a consequence a peak split. The splitting of the peak is displayed in
a spectral view over time in Figure 7.2. The calculated peak wavelength shift
of the sensor due to 0.25%, and 1% hydrogen is 2133, and 4386 pm respectively.
The temperature sensitivity of the sensors was 22.6 pm/◦C, and 23.1 pm/◦C.

The sensitivity of both sensors is displayed in Figure 7.3. Also displayed is
the calculated sensitivity with an amplification of ϕ = 17.6.

7.1.2 Discussion

The wavelength change of the sensor due to 1% hydrogen at 90◦C is equivalent
to the wavelength change caused by a temperature change of over 83◦C. This
implies an extremely low temperature cross-sensitivity.

The hydrogen response of the two manufactured sensors is similar and
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Figure 7.2: Peak splitting of the FBG as a sign of degradation of the bonding
interface between palladium silver foil and fiber.

Figure 7.3: Sensitivity of the sandwiched 10 µm palladium silver foil sensors
at 90◦C. Also displayed is the calculated sensitivity using an amplification of
17.6.
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within 0.3% of each other. This implies a high repeatability of the manufac-
turing process.

The palladium silver foil sensor response demonstrated significant ampli-
fication. The amplification of the 10 µm foil using PdAg, compared to pure
Pd, is in the range of 17.6 (compare Figure 7.3). This amplification is larger,
but close to the estimated amplification given in Section 4.2.5. However, the
expansion of the foil was so extensive that it degraded the bonding interface
and destroyed the sensor (compare 7.2) during the 5% hydrogen step. Further-
more, the response time of the sensor is slow: over 4 days at 90◦C.

7.2 The pre-strained sensor

Three pre-strained sensors with 100 µm palladium foil and Ormocer coated
FBGs were manufactured according to Section 4.2.6. An Ormocer coated FBG
was chosen, because of its improved mechanical stability. Compared to the
coated and foil sensors, the sensitivity of the pre-strained sensor is not depen-
dent on the thickness or coating material of the fiber. A mechanically stable
sensor also facilitates the sensor manufacturing and increases longevity.

7.2.1 Results

The peak wavelength shift of one pre-strained sensor due to 0.25%, 1% and 5%
hydrogen in nitrogen is shown in Figure 7.4. The final response to the steps
is 460, 852, and 1815 pm respectively. After unloading, the offset from the
starting wavelength was 158 pm. In the following three 5% hydrogen cycles
the wavelength change was 1651±42 ppm and the response time was around
2 hours. The calculated peak wavelength shifts of the sensor due to 0.25%, 1%
and 5% hydrogen are 423, 873, and 2114 pm respectively. For the calculation
an amplification of 2.92 was assumed (see Equation 4.4).

The palladium foil length was measured to be a= 76 mm, the fiber length
was b=26 mm, the bonding (fiber to Pd) length with a thick adhesive layer
on the palladium was 28 mm (see Figure 4.12). This results in a maximum
amplification of 2.92 (if the expansion of the full length of the palladium relaxes
the fiber and the adhesive layer does not influence the expansion of the Pd), or
in a minimum amplification of 1.85 (if the thick adhesive layer in the bonding
area locally inhibits the expansion of the Pd). The deviation of the calculated
response from the actual response is due to the amplification ϕ being less than
2.92.
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Figure 7.4: Sensor signal of a pre-strained palladium foil sensor at 90◦C for
three different hydrogen concentrations. Also displayed is the calculated re-
sponse for each concentration.

The sensitivity of all three pre-strained sensors is displayed in Figure 7.5.
Also displayed is the calculated sensitivity with ϕ < 2.5.

In the final three 5% hydrogen cycles the response of the three sensors was
1463±2 pm, 1651±42 pm, and 1606±5 pm. However, all pre-strained sensors
showed an ongoing relaxation process over the entire measurement period (see
Figure 7.6). The temperature sensitivity of the sensors was 15.4 pm/◦C, 11.1
pm/◦C, and 22.3 pm/◦C.

7.2.2 Discussion

The wavelength change of the sensor due to 1% hydrogen at 90◦C is equivalent
tothe wavelength change caused by a temperature change of over 34◦C. This
implies also a low temperature cross sensitivity.

The hydrogen sensitivity of the three pre-strained sensors is similar, and
within 12.5% of each other. This comparably large deviation, can be explained
by small variations in the length a, and b and in the bond length of the adhesive
interface.

The pre-strained sensor design demonstrated significant amplification. The
amplification of the sensitivity is around 2.5 times the maximum calculated
sensitivity of a palladium sensor (compare Figure 7.5). This is lower than the
maximum estimated amplification of 2.92 and higher than the minimum es-
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Figure 7.5: Sensitivity of the pre-strained palladium foil sensors at 90◦C. Also
displayed is the calculated sensitivity with the given amplification of 2.5.

Figure 7.6: Hydrogen response of the pre-strained sensor over time.



7.3. COMPARISON 95

timated amplification 1.85. This could be due to the thick adhesive layer at
the bonding interface of palladium and fiber inhibiting the expansion of the
palladium locally. For the 0.25% and the 1% hydrogen steps, after the initial
large response, a slow decrease of the peak wavelength is observed. One possi-
ble explanation is a relaxation process in the adhesive interface at the elevated
temperature. Continued hydrogen cycling revealed a further relaxation. The
overall relaxation was 320 pm after 68 days.

7.3 Comparison

In this section we compare the results of the two sensor designs with ampli-
fication presented in this chapter. In addition, the two sensors designs are
compared with a non-amplified 100 µm palladium foil sensor from Chapter 6.

The sensitivity to hydrogen and temperature of the three sensors is listed
in Table 7.1. The palladium silver sensor has the highest hydrogen sensitivity
with 4545 pm/% H2, followed by the pre-strained sensor with 5 times lower
sensitivity of 795 pm/% H2. The amplified sensors are 15 (palladium silver)
and 2.5 (pre-strained) times more sensitive than the 100 µm palladium foil sen-
sor. The temperature sensitivity of all sensors is similar, with the pre-strained
sensors having large variations among each other.

Comparing the sensitivity to literature values shows, that the sensitivity of
our sensors is equal to or higher than that of other reported palladium based
hydrogen sensors using FBG (without amplification) (compare Table 2.3). To
our best knowledge, the sandwiched 10 µm palladium silver foil sensor is the
most sensitive palladium based hydrogen sensor using FBG reported so far.

The resolution and accuracy were determined as described in Chapter 5.
At 1% hydrogen and 90◦C the resolution is around 25 ppm for the pre-strained
sensor and 4 ppm for the palladium silver sensor. Comparing these values
with the resolution of the 100 µm palladium foil sensor (64 ppm) highlight the
increase due to the amplification. At 1% hydrogen and 90◦C the accuracy is
around ±76 ppm for the pre-strained and ±13 ppm for the palladium silver
sensor.

Figure 7.7 shows the sensitivity of the sensors with amplification and of the
100 µm palladium foil sensor. In addition, the theoretical maximum sensitiv-
ity of a sensor with an non-amplified, infinite palladium body attached to the
fiber is displayed. The 100 µm palladium foil sensor reaches 97% of the the-
oretical maximum sensitivity and with the pre-strained and palladium silver
foil sensor 2.5 and 15 of the theoretical maximum sensitivity can be achieved.
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Table 7.1: Hydrogen and temperature sensitivity, resolution and accuracy of
the sensor designs with amplification. For comparison the parameter for the
100 µm sensor from Chapter 6 is listed as well. The hydrogen sensitivity was
obtained for a 1% hydrogen step at 90 ◦C. The resolution and accuracy was
obtained for 1% hydrogen step at 90 ◦C.* The sensitivity for the pre-strained
sensor might be lower due to the overlaying relaxation process.

Sensitivity 100 µm palladium Pre-strained sandwiched 10 µm PdAg

Hydrogen (pm/% H2) 295.9±5.7 795.0±55.9 4545.3±7.6

Temperature (pm/◦C) 22.2±0.1 16.4±5.9 22.9±0.3

Resolution (ppm H2) 64.4 25.4 4.2

Accuracy (±ppm H2) 193.1 76.1 12.7

Figure 7.7: Comparison of the sensors with amplification to the non-amplified
100 µm palladium foil sensor. Also displayed are the maximum response that
is possible with a pure palladium based sensor, and this maximum response
multiplied by a factor of 2.5 and, 15.
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7.4 Summary and conclusion

A new concept using palladium silver foils to increase the hydrogen sensitivity
compared to pure palladium foil was presented. By using a 10 µm palladium
silver foil the sensitivity could be increased by a factor of around 17. The sen-
sitivity of the palladium silver foil sensor is high with 4545 pm/% H2 and it
is therefore probably suitable to sense even below 1 ppm. With these values
the sensor is the most sensitive palladium-based hydrogen sensor using FBG
so far. However, this sensor concept would only suit low hydrogen concen-
trations (61%) since the extensive expansion of the palladium silver foil can
degrade the bonding interface between foil and fiber. 1% hydrogen in the gas
phase is equivalent to around 500 ppm dissolved hydrogen in oil (with an Ost-
wald coefficient of 0.05). Therefore, the 10 µm palladium silver is unsuitable
for the application in a transformer, since dissolved hydrogen concentration
can exceed this value. Another disadvantage of the sensor is its slow response
time. With 100 hours to reach a full response the sensor is not suitable for most
applications (which require a faster response). Concerning the response time,
improvements could be achieved with: (a) A reduced foil thickness to reduce
the diffusion time. (b) A palladium coating on top of the palladium foil. By
alloying silver to palladium the amount of palladium surface atoms is reduced
significantly: Alloying 20% silver reduces the surface palladium concentration
to below 20% [77]. This reduces the dissociation sites of the molecular hydro-
gen, since silver atoms do not have this capability. The reduced dissociation
sites reduce the ad- and absorption process and therefore slow down the sen-
sor response. By coating the palladium silver foil with palladium this effect
might be mitigated.

Another novel concept using strain concentration and mechanical amplifi-
cation of the hydrogen sensitivity with a pre-strained FBG and palladium foil
was presented. With the pre-strained sensor the sensitivity could be increased
by a factor of 2.5 and is high with 795 pm/% H2. Compared to the palladium
silver foil the amplification is not limited and only depends on the length ra-
tio of palladium foil to FBG. With this sensing concept concentrations below
1 ppm can be measured. However, care must be taken that the expected ex-
pansion of the palladium does not exceed the pre-strain of the FBG, since the
concept only works if the FBG is pre-strained. Furthermore, the palladium
does not significantly contribute to the structural integrity of the sensor and
therfore, can be chosen considerably thinner than other reported concept [95]).
This leads to a faster response time and lower manufacturing costs. The sen-
sitivity and response time therefore, can be tuned to the requirements of the
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application. However, before a practical application can be considered, the on-
going relaxation process (possibly due to creep in the adhesive interface) needs
to be solved. Furthermore, the possible sensitivity to vibration, the sheer size
and complexity of the sensor are likely cruxes for the practical application.
These aspects rule the pre-strained sensor concept out for hydrogen monitor-
ing in a transformer.

Both presented amplification concepts showed significant improvement in
sensitivity. However, neither are suitable for the integration in a transformer:
The palladium silver foil sensor responds slowly and degrades due to the large
expansion at concentrations above 1% which is equivalent to only 500 ppm in
oil. The pre-strain sensor has a complex design and the observed relaxation
would decrease the accuracy. Nevertheless, both concepts showed promising
performance and will be subject to further investigation in the future.



Chapter 8

Characterisation in gas and oil

In this chapter the results of the characterisation of the 100 µm palladium foil
sensors in gas and oil are presented and discussed. 15 sensors were manufac-
tured with the vacuum bagging method described in 4.2.3. All sensors were
manufactured and tested simultaneously. First the sensors were tested in gas at
various temperatures and hydrogen concentrations. Then the 15 sensors were
transferred to the oil test chamber and tested at 90◦C and various hydrogen
concentrations.

Additionally, the cross-sensitivity to carbon monoxide was investigated.
Five 100 µm palladium foil sensors, of which two had a 100 nm silicon oxide
membrane (applied via sputter coating) on both sides of the foil, were manu-
factured with the vacuum bagging method. These sensors were tested at 90◦C
in nitrogen with 2.5% hydrogen and 5% carbon monoxide.

8.1 Characterisation in gas

First the sensors were tested in gas at 60◦C, 75◦C, 90◦C, 105◦C, and 120◦C (tem-
perature accuracy <0.2◦C and stability <0.15◦C). At each temperature the sen-
sors were tested in different gas atmospheres at 1060±7 mbar in the following
order: Starting in nitrogen, the sensors were exposed to 5% hydrogen and then
unloaded in air. This step was used to characterise the response time of the
sensors. Afterwards, starting again in nitrogen, the sensors were tested using
a hydrogen step increase at 0.25%, 0.5%, 1%, 2%, and 5%, before unloading
them again in air. At 90◦C the sensors were additionally tested at 0.01 (100
ppm), 0.05 (500 ppm), 0.1 (1000 ppm), 0.5%, 3%, and 4%. Furthermore, after
the second 5% step, the sensors were unloaded at 1%, 0.25% hydrogen, nitro-
gen and finally air to investigate the unloading behaviour and hysteresis. The
response of one sensor to the whole testing sequence in gas at 90◦C is shown in
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Figure 8.1: Response of a 100 µm palladium foil sensor to various hydrogen
concentrations at 90◦C.

Figure 8.1. The sharp spikes in the figure are caused by short temperature and
flow rate instability during the change of the gas concentration. Furthermore,
during the first 0.01% hydrogen step, the data acquisition was interrupted ,
and therefore, this step was repeated.

The relative peak wavelength change of one sensor is displayed in Figure
8.1. All 15 sensors behaved similarly. Comparing the wavelength change of
the two 5% steps leads to a maximum deviation of 12 pm for all 15 sensors
at all tested temperatures, which indicates a precision of < ±0.02% hydrogen.
Comparing the wavelength change of loading and unloading at 90◦C to 0.25%
and 1% leads to a maximum deviation of 5 pm and indicates a precision of
< ±0.04% hydrogen. Hence, no sign of hysteresis can be observed. During
the final unloading step the nitrogen in the chamber was refreshed after 10
hours to reduce the amount of residual hydrogen (from mixing and in the pal-
ladium). After 20 more hours the atmosphere was changed to dry air, to fully
unload the sensors. After introducing air, a wavelength change of around 10
pm was measured.

In Figure 8.2 the hydrogen sensitivity of one sensor at different tempera-
tures is displayed. Next to the experimental results, the calculated sensitivity
is shown. The sensitivity was calculated with an individual kST for each tem-
perature. kST was determined from the 5% response. For the displayed sensor
the coefficient of strain transfer is kST = 1.03± 0.01.
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Figure 8.2: Hydrogen sensitivity of a 100 µm palladium foil at various tem-
peratures. Also displayed the predicted sensitivity (dashed lines) of the sensor
determined with kST = 1.03± 0.01.

8.1.1 Response time

The response time is also analysed. The response time was calculated by using
the parameters from an exponential decay fit and defined as the time when
99% of the final wavelength change is reached. The average response time of
all 15 sensors is displayed in Figure 8.3. For a 5% hydrogen step the response
time is on average 330 minutes at 60◦C, decreases to 230 minutes at 75◦C, and
further to 83 minutes at 90◦C. At 105◦C and 120◦C the response time is on aver-
age 87 and 71 minutes respectively. As the box percentiles and errorbars indi-
cate, the response time varies strongly and some sensors respond significantly
faster, or slower.

8.1.2 Carbon monoxide cross-sensitivity

In this section the cross-sensitivity of the sensors to carbon monoxide is inves-
tigated. Carbon monoxide has been shown to inhibit the hydrogen absorption
and thus slow the sensor response, or even to lead to an unresponsive sen-
sor (see Section 2.2.7). The cross-sensitivity experiment was performed in test
setup II. During the experiment the pressure was 1059±10 mbar and the tem-
perature was 90±1.5◦C. The higher uncertainty in pressure and temperature
compared to the experiments performed in setup I is due to room temperature
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Figure 8.3: Average response time of the 15 manufactured sensors.

fluctuations in the laboratory the setup was placed in. The FBGs were inter-
rogated using the Micronoptics si155 interrogator. Compared to the Anritsu
OSA it has a lower resolution resulting in a noisier signal. Three 100 µm palla-
dium foil sensors and two 100 µm palladium foil sensors with silicon dioxide
membrane were tested.

The loading behaviour starting from nitrogen atmosphere was tested in
nitrogen atmosphere with 2.5% hydrogen, or 2.5% hydrogen and 5% carbon
monoxide.

The unloading behaviour starting from 2.5% hydrogen was tested in dry
air, nitrogen, or 5% carbon monoxide in nitrogen.

The response time of one 100 µm palladium foil sensor to 2.5% hydrogen
with and without the presence of carbon monoxide is shown in Figure 8.4.
The other 100 µm palladium foil sensors behaved similarly. The response time
without the presence of carbon monoxide is around 30-140 minutes. The re-
sponse time with carbon monoxide is significantly higher with around 43-56
hours.

The sensors were unloaded in dry air, nitrogen, or in nitrogen with 5% car-
bon monoxide. The unloading behaviour of the sensor is displayed in Figure
8.5. In air the sensors fully unload in around 60 minutes, in nitrogen the sen-
sors unload in around 40 hours with a final offset of around 60 pm. Of the
60 pm , 30 pm can be explained by a lower starting peak wavelength for the
nitrogen and carbon monoxide unloading. The other 30 pm can be explained
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Figure 8.4: Response of a 100 µm palladium foil sensor to 2.5% hydrogen at
90◦C with and without the presence of carbon monoxide.

with residual hydrogen in the test setup. When unloading with air, the resid-
ual hydrogen is combusted (with oxygen) resulting in a fully unloaded sensor.
When unloading in atmosphere without oxygen, residual hydrogen remains in
the setup. The sensors could be fully unloaded (30 pm) by exposure to dry air.
In 5% carbon monoxide the sensors unload in around 300 hours. The sensors
also did not fully unload and an offset of around 60 pm remained. Afterwards,
the sensors could be also fully unloaded in dry air.

Thin silicon dioxide films improved the response time of palladium based
thin film hydrogen sensors in other carbon monoxide cross-sensitivity exper-
iments [69]. A 100 nm silicon oxide membrane was sputter coated on both
sides of the palladium foil before attaching it to the fiber. The response of a
sensor (with and without membrane) to 2.5% hydrogen is displayed in Figure
8.6. The response time of the sensor with membrane is around 8–12 hours and
therefore significantly slower than the sensor without membrane.

The response of the sensor (with and without membrane) to 2.5% hydrogen
and 5% carbon monoxide is displayed in Figure 8.7. No significant difference
in response time can be observed when carbon monoxide is present.

Concerning the unloading behaviour, the sensors with membrane showed
slower unloading in air (around 4 times slower, see Figure 8.8) and nitrogen
(around 2 times slower, see Figure 8.9) compared to the sensors without mem-
brane. In the presence of carbon monoxide however, the sensors with mem-
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Figure 8.5: Unloading of a 100 µm palladium foil sensor from 2.5% hydrogen
at 90◦C in different gas atmospheres. During the nitrogen unloading the data
acquisition was interrupted between hour 10 and 25.

Figure 8.6: Response of a 100 µm palladium foil sensor with and without 100
nm silicon oxide membrane to 2.5% hydrogen at 90◦C.
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Figure 8.7: Response of a 100 µm palladium foil sensor with and without 100
nm silicon oxide membrane to 2.5% hydrogen in the presence of 5% carbon
monoxide at 90◦C.

brane showed faster unloading in the presence of carbon monoxide (around 2
times faster, see Figure 8.10) compared to the sensors without membrane.

8.1.3 Discussion

15 sensors were manufactured in one batch using the vacuum bagging method.
All 15 sensors showed similar hydrogen sensitivity. kST derived from a 5%
hydrogen measurement at the five different temperatures is in the range of
1.03±0.03 for all sensors. This implies that the manufacturing methods with
vacuum bagging allow high repeatability between the sensors. The tempera-
ture dependence of the hydrogen sensitivity obtained for a 1% hydrogen step
is displayed in Figure 8.11. The average hydrogen sensitivity of all 15 sensors
is 407 pm, 339 pm, 297 pm, 258 pm, and 234 pm at 60◦C, 75◦C, 90◦C, 105◦C,
and 120◦C respectively.

The precision of the individual sensors was investigated by two (loading)
5% hydrogen steps at all temperatures and additionally by two (loading, and
unloading) 0.25% and 1% hydrogen steps at 90◦C. Overall the precision of the
15 sensors is < ±0.04% hydrogen.

The response time decreases significantly with increasing temperature from
330 minutes at 60◦C to 83 minutes at 90◦C. The difference in response time at
90◦C,105◦C, and 120◦C is small.
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Figure 8.8: Unloading of a 100 µm palladium foil sensor with and without 100
nm silicon oxide membrane in air at 90◦C.

Figure 8.9: Unloading of a 100 µm palladium foil sensor with and without 100
nm silicon oxide membrane in nitrogen at 90◦C. During the nitrogen unloading
the data acquisition was interrupted between hour 10 and 25.
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Figure 8.10: Unloading of a 100 µm palladium foil sensor with and without 100
nm silicon oxide membrane in a gas mixture of 95% nitrogen and 5% carbon
monoxide at 90◦C.

Figure 8.11: Average hydrogen sensitivity of all 15 manufactured sensors at
various temperatures. Also displayed, the calculated hydrogen sensitivity
(dashed line).
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The response times of the individual sensors differ quite strongly (see Fig-
ure 8.3). A possible explanation is surface contamination (e.g., excess adhesive
during manufacturing forming a membrane on the palladium) which slows
the hydrogen absorption in the palladium. The variability in response time of
the individual sensors correlates well with the assumption that the dissociation
process and not the diffusion process is the rate determining step of the absorp-
tion process. If diffusion was the rate determining step, the response time of
the 15 sensors would be expected to be the same, as they are all made of the
same palladium foil (material and geometry). Furthermore, if diffusion was
the rate determining step a significantly faster response would be expected, as
the calculated diffusion time is around 30 seconds at 90◦C (see Figure 2.1). In
contrary, the experimental response time of the sensors is in good agreement
with the calculated response time following equation (2.9), which assumes the
dissociation to be the rate determining step (see Figure 2.2). The calculated
response time using equation (2.9) is around 20 minutes at 90◦C and therefore
in better agreement with the response times of the sensors determined in the
experiments. The deviation of the calculated from the experimental response
times can be again explained by surface contamination of the palladium.

The cross-sensitivity showed that that the hydrogen response is slowed in
the presence of carbon monoxide. However, the carbon monoxide did not
lead to an unresponsive sensor as reported by [51], nor had an impact on the
magnitude of the signal. Applying a silicon oxide membrane to reduce the
effect of carbon monoxide showed mixed results. The response time to loading
in hydrogen and unloading in air and nitrogen is slowed due to the membrane.
There was no significant difference in the response time of loading in hydrogen
with the presence of carbon monoxide. However, the membrane improved the
response time when unloading in the presence of carbon monoxide.

8.2 Characterisation in oil

After testing in gas, the 15 foil sensors were transferred to the oil test chamber.
Testing was performed at 90◦C and gas mixtures with the same hydrogen con-
centrations as in the gas measurements (0.01, 0.05, 0.1, 0.25, 0.5, 1, 2, 3, 4, 5%
hydrogen) were bubbled through the oil. The testing was performed in two
segments separated by a 3 week break in which the sensors were stored in the
oil, at room temperature and nitrogen. In the first segment the sensors were
tested from 0.01 to 1% hydrogen (see Figure 8.12) and in the second segment
from 2 to 5% hydrogen (see Figure 8.13). The usability concerning the prepa-
ration of the gas mixtures of setup 2 is inferior to setup 1. The accessibility of
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Figure 8.12: Response of a 100 µm palladium foil sensor (first segment). The
exponential decay fit is also displayed (red). The hydrogen concentrations are
given in % for prepared gas mixture (red) and in ppm for the measured, dis-
solved hydrogen concentration (blue).

the valves is limited, since the setup 2 is placed in a fume hood. As a result the
gas mixtures of the first 1% and the 3% hydrogen step were unintentionally
prepared to be 0.64% and 2.22%. After the first segment, the sensors were un-
loaded by bubbling air. In the second segment the circulation pump failed (di-
aphragm ruptured) during the last (5%) hydrogen step. A replacement pump
(same model) was installed and the experiment was continued. However, the
replacement pump caused several issues: the replacement pump had a higher
throughput. This caused an increased overpressure between the pump and
subsequent flow meter, which caused leakage in the connector between pump
and system. In addition, the FBG signal noise increased when the replace-
ment pump was running, probably also due to increased and unstable flow
(see Figure 8.13). Therefore, the pump was turned off after installation until
the hydrogen sensors were saturated. The effect of the pump being turned off,
should only be a slower diffusion of hydrogen from gas into oil, and thus a
slowed response of the sensor. For the unloading in air, the pump was turned
on, since the leakage would have only affected a hydrogen measurement. Af-
ter the sensors were fully unloaded the pump was again turned off to reduce
the signal noise.

The relative peak wavelength change of one sensor is displayed in Figure
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Figure 8.13: Response of a 100 µm palladium foil sensor (second segment).
The exponential decay fit is also displayed (red). The hydrogen concentrations
are given in % for prepared gas mixture (red) and in ppm for the measured,
dissolved hydrogen concentration (blue).

8.12 and Figure 8.13. The other 14 sensors behaved similarly. The signal is sig-
nificantly noisier than the measurement in gas (see Figure 8.1). This is caused
by stronger fluctuations in temperature (89.5±1.4◦C) and pressure (1062±20
mbar) due to strong fluctuations in the room temperature (22.5±3◦C) and the
sampling, and backfilling of the oil for the dissolved gas analysis. The sharp
peaks in Figure 8.12 and Figure 8.13 are caused by fluctuations in the oil tem-
perature when sampling.

Each step was held for a maximum of seven days. Before the gas mixture
in the system was changed, four oil samples were taken. The dissolved hydro-
gen concentration was determined by averaging over the analysed samples.
The first three samples were analysed and if the analysed dissolved hydrogen
concentrations were not within 10% of each other, the 4th sample was analysed
as well. The measured dissolved hydrogen concentration is given in Table 8.1
and Table 8.2. For the first segment only one sample was analysed for the 0%
hydrogen steps. For the second segment 4 samples where analysed for the 0%
steps. These measurements showed that there is residual hydrogen in the sys-
tem, even after full unloading of the sensors. However, the detected values are
close to the lower detection limit of 5 ppm of the Myrkos (gas chromatograph
system for dissolved gas analysis of transformer oil, see Section 3.4.3).



8.2. CHARACTERISATION IN OIL 111

Table 8.1: Hydrogen concentration of the bubbled gas mixture (%) and dis-
solved gas concentration (ppm) measured using the Myrkos for the first seg-
ment.

Gas concentration (%) 0 0.01 0.05 0.1 0.25 0.5 0.66 1 0

DGA1 (ppm) 0 0 25 65 154 310 361 530 0

DGA2 (ppm) 9 30 66 157 306 360 530

DGA3 (ppm) 10 31 65 158 311 348 520

DGA4 (ppm) 0 29

Table 8.2: Hydrogen concentration of the bubbled gas mixture (%) and dis-
solved gas concentration (ppm) measured using the Myrkos for the first seg-
ment.

Gas concentration (%) 0 2 2.43 4 5 0

DGA1 (ppm) 6 1727 2175 3453 4391 8

DGA2 (ppm) 8 1833 1940 3631 4498 8

DGA3 (ppm) 5 1705 2008 3394 4521 0

DGA4 (ppm) 5 6

To determine the final wavelength change an exponential decay fit was
used, which also describes the hydrogen response in oil well (see Figure 8.12).
For the first 0.01% (5 ppm dissolved) hydrogen step the exponential decay fit
did not give satisfactory results, as well as, for the 5% (4470 ppm dissolved) hy-
drogen step. This is due to the high signal to noise ratio in both steps, caused
by the low signal in the 5 ppm step and the failure of the pump in the 4470 ppm
step. Here, the final wavelength change was chosen as measured just before
the oil sampling.

The dissolved hydrogen sensitivity of a 100 µm palladium foil sensor is
shown in Figure 8.14. The values for the dissolved hydrogen concentration are
the averaged DGA values. Next to the experimental results the calculated sen-
sitivity is displayed. The sensitivity was calculated using coefficient of strain
transfer kST determined for the 5%/ 4470 ppm step. For the displayed sensor
kST = 1.11.
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Figure 8.14: Dissolved hydrogen sensitivity of a 100 µm palladium foil sen-
sor. The dissolved hydrogen concentration was measured with the Myrkos.
Also displayed the predicted sensitivity (dashed lines) of the sensor calculated
using kST = 1.11.

8.2.1 Discussion

In first sight, the predicted and measured values in Figure 8.14 seem to corre-
late well. However, a closer look reveals that the measurements at concentra-
tions up to 530 ppm follow a different trend than the measurements at higher
concentrations.

The Myrkos has a linear measurement range for dissolved hydrogen from
5–700 ppm. If the analysed sample is outside this range, a dilution procedure
is followed and the sample is analysed again.

To show the impact of the dilution on the measurement, we separated the
DGA measurements into two parts. The first part is in the linear range of the
Myrkos and includes all measurements from the first segment (0-1% hydro-
gen gas mixture/0-530 ppm dissolved hydrogen). The second part includes
the higher concentration for which a dilution procedure was necessary. Fig-
ure 8.15 shows the dissolved hydrogen concentration measurements with the
myrkos versus the hydrogen concentration of the gas mixture that was bub-
bled through the oil. A linear fit was applied to measurements of the low and
high concentrations. The slopes of both lines diverge with 0.054±0.002 for the
lower concentrations and 0.089±0.002 for the higher concentrations. The slope
of the line represents the Ostwald coefficient (kOst =concentration in the liq-
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Figure 8.15: Dissolved hydrogen concentration measured with Myrkos versus
hydrogen concentration of the bubbled gas.

uid phase/concentration in the gas phase) and should be independent of the
hydrogen concentration (see Section 2.1.5). This indicates that there is a sys-
tematic error in how the dissolved hydrogen concentration is calculated in the
Myrkos for values out of the linear range of the equipment.

Instead of measuring the dissolved gas concentration with the Myrkos, the
concentration can be calculated from the hydrogen concentration of the gas
mixture and the Ostwald coefficient. The dissolved hydrogen sensitivity of
a 100 µm palladium foil sensor where the dissolved hydrogen concentration
is calculated is shown in Figure 8.16. The experimental results are now in
better agreement with the calculated sensitivity. For the calculation kST = 1.03

(determined during the characterisation in gas) was used.

8.3 Conclusion

In this chapter fifteen 100 µm palladium foil sensor were characterised in gas
and oil environments. The 15 sensors were manufactured simultaneously with
the vacuum bagging method and showed high reproducibility. This proves the
scalability of the manufacturing method and suitability for commercial use.

All sensors showed similar response to hydrogen and had a high accuracy
and precision in gas and oil. This proves their suitability for the implementa-
tion in a transformer for field testing.
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Figure 8.16: Dissolved hydrogen sensitivity of a 100 µm palladium foil sensor.
Dissolved hydrogen concentration calculated with an Ostwald coefficient of
0.056. Also displayed the predicted sensitivity (dashed lines) of the sensor
determined with kST = 1.03.

The effect of a thin film silicon dioxide membrane on the carbon monoxide
cross-sensitivity was investigated in gas atmosphere. No significant improve-
ment could be observed. In general, the sensors showed a slowed response in
the presence of carbon monoxide, but the sensitivity was not affected. Since re-
sponse time is not a main optimization parameter for the application in a trans-
former, no further effort has been dedicated to the development of a membrane
to mitigate the influence of carbon monoxide on the hydrogen measurement.

The mobile gas chromatograph Myrkos showed inconsistencies in the re-
sults for measurements out of the linear range of the equipment (concentration
larger 700 ppm dissolved hydrogen). Therefore, we chose to calculate the dis-
solved hydrogen concentration via the Ostwald coefficient and the nominal
hydrogen concentration of the gas phase for the further analysis in Chapter 9.



Chapter 9

Investigation of the coefficient of
strain transfer and its influence on
the sensor calibration

As mentioned in Chapter 4, each sensor requires calibration in order to accu-
rately measure hydrogen. We showed that a calibration can be performed by
determining a coefficient of strain transfer kST (see Equation 4.6 and 4.7)

In the following three subsections, three different methods are discussed
for determining the coefficient of strain transfer: (a) via a hydrogen measure-
ment, where the expanding palladium (due to hydrogen absorption) strains
a surface bonded FBG, (b) via a temperature measurement, where the ther-
mal expansion of a body (e.g., palladium, steel) strains a surface bonded FBG,
(c) via a strain measurement, where the mechanical expansion of a body (e.g.,
palladium, steel) strains a surface bonded FBG.

9.1 Determining the coefficient of strain transfer via

a hydrogen measurement

The coefficient of strain transfer can be determined via a single-point hydro-
gen measurement. For optical fiber sensors, this method has not been reported
in the literature before. However, Peng et al. used a correction factor to fit
their theoretical prediction to their measurements [109]. Their correction fac-
tor was around 1.3 and was correlated to uncertainties in their equations. It
was not correlated to a coefficient of strain transfer and not determined via a
single-point hydrogen measurement. The coefficient of strain transfer can be
determined as follows. At a constant temperature, the second term of (4.7) is

115
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Figure 9.1: Measured (using equation (4.8)) versus the nominal (mixed from
calibrated cylinders) hydrogen concentration. Displayed are the results of all
15 sensors. The kST value used was determined at 90◦ and 5% hydrogen.

zero and kST for the hydrogen measurement can be calculated as

kST =
∆λ

kε∆ε′
=

∆λH2 measured

∆λH2 calculated
(9.1)

which is the ratio of experimental to calculated wavelength change of the FBG
due to the strain induced by the expanding palladium hydride. Furthermore,
the coefficient of strain transfer determined via this method can be used as a
general calibration constant as it absorbs uncertainties in the variables of kε,
C, and the geometrical and material properties APd, Af, EPd, Ef (see equation
(4.10)).

9.1.1 Influence on the sensor calibration

The coefficient of strain transfer was determined for the fifteen 100 µm palla-
dium foil sensors discussed in Chapter 8. Using equation (4.8) the hydrogen
concentration in gas was calculated. The measured (using (4.8)) versus the
nominal (mixed from calibrated cylinders) hydrogen concentration at 90◦C of
all 15 sensors is displayed in Figure 9.1. The linearity and slope (≈ 1) imply
that the coefficient of strain transfer (determined via a single point hydrogen
measurement) can be used for calibration.

A detailed view of the hydrogen measurement at lower concentrations is
displayed in Figure 9.2. The close up shows that the measured hydrogen con-
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Figure 9.2: Detail view of measured (using equation (4.8)) versus the nominal
(mixed from calibrated cylinders) hydrogen concentration. Displayed are the
results of all 15 sensors. The kST value used was determined at 90◦ and 5%
hydrogen.

centration diverges more strongly at low concentrations compared to higher
concentrations. This indicates a lower relative accuracy at lower concentra-
tions.

In Figure 9.3 the relative accuracy (=100*(measured hydrogen concentra-
tion - nominal hydrogen concentration)/nominal hydrogen concentration) of
the 15 sensors at the different hydrogen concentrations is shown. The relative
accuracy improves for increasing hydrogen concentrations. This is mainly due
to the low signal to noise ratio at low concentrations. However, the average er-
rors of the sensors for concentrations below 1% hydrogen are all positive and
higher than 5% (up to 20%). This suggests that there is potential for improve-
ment of the model at low concentrations.

The coefficient of strain transfer determined in gas atmosphere was also
used to calibrate the 15 sensors for dissolved hydrogen measurements, after
they had been transferred into oil. Using equation (4.9) and an Ostwald co-
efficient of 0.056 the dissolved hydrogen concentration was calculated. The
results are shown in Figure 9.4.

In Figure 9.5 the relative accuracy of the 15 sensors at different dissolved
hydrogen concentrations is shown. For the concentrations below 50 ppm the
relative accuracy is high and below 0. This might be due to the sensors (pal-
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Figure 9.3: Relative accuracy of the 15 sensors (calibrated with kST from a hy-
drogen measurement) at the different hydrogen concentrations. At 5% the rel-
ative accuracy is close to 0 since the calibration was performed for the 5% step.

Figure 9.4: Measured (using equation (4.9) and an Ostwald coefficient of 0.056)
versus the nominal (determined via bubbled gas concentration) dissolved hy-
drogen concentration. Displayed are the results of all 15 sensors. The kST value
used was determined in gas environment at 90◦ and 5% hydrogen.
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Figure 9.5: Relative accuracy of the 15 sensors (calibrated with kST from a hy-
drogen measurement in gas) at the different dissolved hydrogen concentra-
tions.

ladium) not having equalised with the environment and fully responded after
7 days. For concentrations above 50 ppm the accuracy improves and is close
to a 20% accuracy. However, the mean accuracy of each sensor is above 10%
and correlates to an increased sensitivity of the sensor during the oil measure-
ments. This increase in sensitivity may be due to a temperature lower than
90◦C at the sensors during the measurements in oil, causing a higher solubility
of hydrogen in palladium, and thus expansion. The difference in sensitivity is
equivalent to a decrease of around 5◦C for the oil measurement. This temper-
ature difference in gas and oil measurements might be due to the location of
the thermocouple and the different heat transferring medium: For both mea-
surements the same thermocouple was used and located close (around 20 mm
above) to the sensors, but the thermal conduction and temperature gradient
are different in gas and oil, which might explain the increase in sensitivity due
to inaccurately measured temperature.

Besides determining the coefficient of strain transfer in gas, the coefficient
can be determined in oil. For the 2800 ppm dissolved hydrogen measurement
the average coefficient increases from 1.03 (in gas) to 1.11 (in oil). The results
(using this coefficient and equation (4.9)) are shown in Figure 9.6. The relative
accuracy improves for measurements above 50 ppm and is shown in Figure
9.7.
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Figure 9.6: Measured (using equation (4.8)) versus the nominal (determined
via bubbled gas concentration) dissolved hydrogen concentration. Displayed
are the results of all 15 sensors. The kST value used was determined in oil
environment at 90◦ and 2800 ppm dissolved hydrogen.

Figure 9.7: Relative accuracy of the 15 sensors (calibrated with kST from a hy-
drogen measurement in gas) at the different dissolved hydrogen concentra-
tions. At 2800 ppm the relative accuracy is close to 0 since the calibration was
performed for the 2800 ppm dissolved hydrogen step.
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In general, the coefficient of stain transfer seems to be good parameter for
the calibration of the sensors. The advantage of deriving the coefficient from a
single point hydrogen measurement is that it requires less measurements than
a multi-point calibration. Furthermore, the calibration is derived directly from
a hydrogen measurement. The disadvantage is that a test setup which is stable
in temperature, pressure, and hydrogen concentration is necessary. Depending
on the sensor the hydrogen loading can take several hours which makes this
calibration method relatively time intensive.

A hydrogen calibration of the sensors in gas can be used to also calibrate the
sensors for measurements in oil. However, the accuracy for dissolved hydro-
gen measurements increases when the sensors were calibrated in oil instead of
gas.

9.2 Determining the coefficient of strain transfer via

a temperature measurement

With this novel method the coefficient of strain transfer can be determined via
a multi-point temperature calibration. To my best knowledge, this method
has not been reported in the literature before. By attaching palladium to the
FBG, its temperature sensitivity is changed. The sensor is not only sensitive
to temperature by the second term (kT∆T ) of equation (4.7) but also by the
first term (kεkST∆ε′) due to the thermal expansion of palladium straining the
FBG. The expansion εPd thermal of palladium due to temperature increase can be
calculated as

εPd thermal =
∆l

l
= αPd∆T (9.2)

where αPd is the coefficient of thermal expansion of palladium (αPd = 11.8 ·
10−6/◦C at 20 ◦C [134]). Similar to the expansion of palladium due to hydro-
gen absorption, the strain of the FBG due to the thermal expansion (∆ε′) of
palladium can be calculated using (4.3) by substituting εPd H2 with εPd thermal

(assuming perfect strain transfer). However, the temperature response of the
FBG with attached palladium is also affected by the strain transfer between
palladium and fiber. Therefore, kST also needs to be applied in a temperature
measurement. Adapting (4.3) and (4.6) for temperature measurement and in-
cluding these with (9.2) into (4.7) leads to

∆λ =

(
kεkSTαPd

Y

1 + Y
+ kT

)
∆T = (kSTkT Pd + kT ) ∆T = kT Sensor∆T (9.3)
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Figure 9.8: Coefficients of strain transfer derived via a temperature (thermal)
measurement versus via a hydrogen measurement of all 100 µm palladium foil
sensors reported in in this thesis. Also displayed is a linear fit.

The increase in temperature sensitivity of the sensor due to the thermal
expansion of palladium can thus be expressed using kT Pd. The temperature
sensitivity of the whole sensor can be expressed using kST, kT Pd, and kT , or
solely with kT Sensor. From (9.3) we can derive kST as

kST =
kT Sensor − kT

kT Pd
(9.4)

where, kT Sensor and kT are meausred using a palladium sensor and an uncoated
reference FBG, and kT Pd is calculated using (9.3). It is also possible to use the
literature value kT = 10.4pm/◦C [64].

To compare the coefficients of strain transfer determined via a tempera-
ture measurement versus hydrogen measurement, both coefficients were cal-
culated for each of the 100 µm palladium foil sensors reported in Chapter 5, 6
and 8. The results are shown in Figure 9.8. Despite the lack of data points over
the whole range, a linear fit was applied. A Pearson correlation coefficient of
0.99 indicates correlation of the two coefficient and the fit has a slope of 0.80
with an intercept of 0.08.

Ideally the slope of the fit would be 1 with an intercept of 0 to show that
the coefficient estimate is independent of the method of determination. The
deviation can be explained as follows. Both methods rely on several litera-
ture values for the calculations of the coefficients. Particularly, the constants C
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and αPd are likely candidates influencing this correlation. The impact of both
can be equalized by multiplication with a correction factor. We determined
the correction factor by the ratio of the average value of coefficient of strain
transfer via a hydrogen measurement versus temperature measurement. The
ratio/correction factor is 1.12 for the coefficients shown in Figure 9.8.

The coefficient of strain transfer was not deliberately altered, but varied
due to the manufacturing methods. Therefore, only a small amount of differ-
ent values for the coefficients could be analysed. However, the strain trans-
fer coefficient can be deliberately altered by varying the the coating material
of the fiber, the bond length and bond line thickness. Varying these parame-
ters is difficult with the chosen sensor designs. The fiber (and coating) diam-
eter is determined by the groove, which was designed for an uncoated, bare
fiber, the bond length is determined by the palladium foil length, and the bond
line thickness was reduced to a minimum with the vacuum bagging method.
Therefore, another experiment was designed in which the coefficient of strain
transfer determined via a temperature measurement is compared to the co-
efficient of strain transfer via a (mechanical) strain measurement. Here, the
mechanical strain induced by a tensile test machine is replacing the strain in-
duced by the expanding palladium (this experiment is described in Section
9.3).

9.2.1 Influence on the sensor calibration

This calibration method is new and original. It is based on the assumption
that the coefficient of strain transfer determined via a hydrogen measurement
is the same as determined via a temperature measurement. This assumption
is derived from the thought that the volumetric expansion of palladium due
to hydrogen absorption and the thermal expansion of palladium due to tem-
perature changes are subject to the same constraints when measured with an
FBG.

The coefficient of strain transfer was calculated for fifteen 100 µm palla-
dium foil sensors discussed in Chapter 8. Using equation (4.8) and a correc-
tion factor of 1.12 the hydrogen concentration was calculated. The measured
hydrogen concentration at 90◦C of all 15 sensors is displayed in Figure 9.9.
The linearity and slope (≈ 1) imply that the coefficient of strain transfer (deter-
mined via a temperature measurement) can be used for calibration. However
the calibrated sensors diverge more strongly in terms of measured hydrogen
concentration (compare Figure 9.1 and 9.9).

In Figure 9.10 the relative accuracy of the fifteen sensors at the different hy-
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Figure 9.9: Measured (using equation (4.8)) versus the nominal (mixed from
calibrated cylinders) hydrogen concentration. kST was determined via a tem-
perature measurement.

drogen concentrations is shown. In a manner similar to the calibration with
hydrogen measurements, relative accuracy improves for increasing hydrogen
concentrations. Again, this is mainly due to the low signal to noise ratio at low
concentrations. Also, the average errors of the sensors for concentrations be-
low 1% hydrogen are again all positive and higher than 5% (up to 20%). This
indicates that there is potential for improvement of the model at low concen-
trations.

The coefficient of strain transfer determined via temperature measurement
was also used to calibrate the 15 sensors for dissolved hydrogen measurements
in oil. The results are shown in Figure 9.11. In Figure 9.12 the relative accuracy
of the 15 sensors at different dissolved hydrogen concentrations is shown.

Comparing the achieved accuracy shows that the relative accuracy of the
calibrated sensors depends on how the coefficient of strain transfer is deter-
mined: via a temperature measurement shows decreased accuracy especially
at concentrations above 1% hydrogen compared to via a hydrogen measure-
ment for measurements in gas environment (compare Figure 9.3 and Figure
9.10). But, for measurements in oil both methods give similar accuracy results
(compare Figure 9.5 and Figure 9.12).

Determining the coefficient of strain transfer via a temperature measure-
ment and using this method for hydrogen calibration has the advantages of
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Figure 9.10: Relative accuracy of the sensors (calibrated with kST from temper-
ature measurement) at the different hydrogen concentrations.

Figure 9.11: Measured (using equation (4.9) and an Ostwald coefficient of
0.056) versus the nominal (determined via bubbled gas concentration) dis-
solved hydrogen concentration. Displayed are the results of all 15 sensors.
kST was determined via a temperature measurement.



126CHAPTER 9. COEFFICIENT OF STRAIN TRANSFER AND SENSOR CALIBRATION

Figure 9.12: Relative accuracy of the 15 sensors (calibrated with kST from a
temperature measurement in gas) at the different dissolved hydrogen concen-
trations.

reduced time and cost: (a) The hydrogen response of a sensor can take several
hours, or days, whereas a temperature calibration can be performed faster; (b)
No special gas calibration facility is necessary, a simple temperature test setup
would be sufficient.

9.3 Determining the coefficient of strain transfer via

a strain measurement

Finally, the coefficient of strain transfer can be determined via a strain mea-
surement as follows. In this section the palladium is substituted with a mild
steel structure. This is done because large enough palladium bodies to attach
a resistive foil strain gauge and load it in a tensile tester are rather expensive.

If a structure is strained by εStructure, only a certain fraction is transmitted
to the surface bonded FBG due to imperfect adhesion and the elasticity of the
strain transferring medium (e.g. epoxy adhesive). The tensile test bar has a
large cross sectional area (CSA) compared to the fiber which simplifies equa-
tion (4.3) to ε′ = εStructure and leads to [140]

∆ε = kSTεStructure (9.5)
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Figure 9.13: Temperature measurement. Displayed are the signals of a Pt100
and a bare FBG.

If the structure is exposed to mechanical strain the coefficient of strain transfer
can be expressed as

kST =
∆ε

εStructure
=

∆λ

kεεStructure
(9.6)

In the following, an experiment is described in which the coefficient of
strain transfer is determined via a strain measurement and via a temperature
measurement. The coefficient of strain transfer is deliberately altered by vary-
ing the bond length and coating material of the fiber (see Section 3.5). This
enables an assessment of the correlation between the two coefficients.

9.3.1 Experimental method

The test bars were placed in a temperature controlled chamber to obtain tem-
perature calibration measurements. The temperature was increased in ∼10◦C
steps between 20◦C and 50◦C (see Figure 9.13). Each step was held for several
minutes to allow FBG response to stabilize.

Uni-axial tensile tests were performed between 1 and 3 kN. The test bars
were carefully aligned in the center line of the axis, and pre strained with 1
kN. Then, with a set speed of 0.3 mm/min, the tensile force was increased in
0.5 kN steps. Each step was held for 120 sec. Once the tension force reached
3 kN the force was decreased to 1 kN in the same manner. This cycle was
repeated three times (see Figure 9.14).
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Figure 9.14: Strain measurement. Displayed are the signals of a foil strain
gauge, a bare FBG, and an FBG with a acrylate re-coating and 20 mm bond
length.

9.3.2 Results

The temperature sensitivity of three surface bonded FBGs (Bare, acrylate with
20 mm, and 60 mm bond length) is displayed in Figure 9.15. Also displayed
is the literature value of a strain isolated (freestanding, not attached to a bar),
bare (uncoated) FBG with kT=10.4 pm/◦C [64]. The increase in in tempera-
ture sensitivity (slope of the lines) of the surface bonded FBGs, compared to a
strain isolated FBG, is due to the strain which is transferred from the thermal
expansion of the test bar. The temperature sensitivity of all FBGs is given in
Table 9.1. The surface bonded Ormocer T coated FBGs have the highest tem-
perature sensitivity, followed by the bare FBGs, and the acrylate coated FBGs.
The temperature sensitivity increases with bond length for the acrylate coated
FBGs.

Figure 9.14 shows the strain response of a surface-bonded bare FBG, an
acrylate coated FBG with 20 mm bond length, and the biaxial resistive strain
gauge. The inset in Figure 9.14 highlights a hysteresis phenomenon which
could be observed in all acrylate recoated fibers. The hysteresis is assumed to
be due to a slipping of the fiber inside the acrylate re-coating. Therefore, the
strain sensitivity of all FBGs was determined once the response had stabilized,
which occurred during the last 60 seconds of each constant force hold.

The strain sensitivity of a surface bonded bare FBG, an acrylate coated FBG
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Figure 9.15: Temperature sensitivity of selected FBGs. Literature value of tem-
perature sensitivity of FBG (dashed).

Table 9.1: Temperature sensitivity (T) in pm/◦C and strain sensitivity (S) in
pm/µε of the Acrylate (A), Bare (B), and Ormocer T (O) coated fiber. Nomen-
clature:A20-1=Acrylate coating,Bond length 20 mm,FBG 1.

A20-1 A20-2 A20-3 A40-1 A40-2 A40-3 A60-1 A60-2 A60-3

T 18.1 18.4 17.9 20.1 20 19.5 21.3 20.3 21.7

S 0.65 0.68 0.58 0.71 0.8 0.71 0.94 0.85 0.96

A80-1 A80-2 A80-3 B20-1 B20-2 B20-3 O20-1 O20-2 O20-3

T 21.6 21.9 22.2 23.9 24 24.2 24.3 24 24.1

S 0.95 1.01 0.99 1.06 1.05 1.07 1.16 1.18 1.17
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Figure 9.16: Temperature sensitivity of selected FBGs. Literature value of tem-
perature sensitivity of FBG (dashed).

with 20 mm, and 60 mm bond length is shown in Figure 9.16. Also displayed is
the theoretical, maximum strain sensitivity kε=1.21 pm/µε [64]. The deviation
of the strain sensitivity of the surface bonded FBGs from the maximum value
is due to the coefficient of strain transfer being <1 in all cases. The strain sen-
sitivity of all FBGs is given in Table 9.1. The Ormocer T coated FBGs have the
highest strain sensitivity, followed by the bare FBGs, and the acrylate coated
FBGs. The strain sensitivity increases with bond length for the acrylate coated
FBGs.

Using equations (9.4) and (9.6) the coefficient of strain transfer of the me-
chanical, and thermal measurement can be calculated. The results of the cal-
culation for the 18 FBGs are shown in Figure 9.17. Applying a linear fit gives a
slope of 1.01 and an intercept of -0.02.

The results show that there is a strong, linear correlation between the coeffi-
cient of strain transfer obtained by mechanical tensile test and thermal temper-
ature calibration. A slope close to 1 and an intercept close to 0 suggests, that
the coefficients can be considered functionally equivalent. This implies that a
surface bonded FBG can be strain calibrated via a temperature measurement.
The temperature calibration could be done via daily, intra-day temperature
fluctuations or local heating of the structure. With a strain calibrated FBG, ab-
solute displacement and strain measurements are possible, and the health of an
individual sensor may be tracked through periodic evaluation of the thermal
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Figure 9.17: Coefficient of strain transfer derived via a strain (mechanical) ver-
sus a hydrogen measurement. Also displayed a linear fit.

coefficient of strain transfer. In addition to structural monitoring, this calibra-
tion technique could be applied to other fiber optic strain based sensors.

9.4 Summary and conclusion

In this chapter three different methods to determine the coefficient of strain
transfer are described: Via a hydrogen, via temperature, or via strain measure-
ment. The first two were also used for the hydrogen sensitivity calibration of
the sensor.

First, the coefficient was determined via a hydrogen measurement and used
for calibration. Using this coefficient for hydrogen sensitivity calibration, al-
lowed good relative accuracy of the sensors. The average relative accuracy
is better than 22% for hydrogen concentrations below 1% and better than 1%
for concentrations of 1% and above. This implies that a single point hydrogen
measurement can be used for the calibration of the sensor. Furthermore, the
positive deviation of the accuracy at concentrations below 1% hydrogen indi-
cates that there might be room for improvement of our model. However, more
experiments have to be conducted to prove the repeatability of our results,
before a change of the model is sensible.

Second, the coefficient was determined via a temperature measurement.
The coefficient determined via a temperature measurement and the coefficient
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determined via a hydrogen measurement have a direct linear correlation. This
implies that the coefficients can be used interchangeably and a temperature
measurement can be used for a hydrogen calibration of the sensors. The aver-
age relative accuracy (of the temperature calibrated sensor) is similar to when
the coefficient was determined via a hydrogen measurement, however, the rel-
ative accuracy of the individual sensors diverges more strongly. Using a tem-
perature measurement for the hydrogen calibration has economic advantages.
The temperature calibration is faster and a simple setup can be used. Further-
more, the temperature calibration has to be performed anyway, to allow for
temperature compensation (see Section 3.3.2). Therefore, this method is a new
and useful method for hydrogen calibration, if the lower accuracy is acceptable
for the application.

Third, the coefficient was determined via a strain measurement. Here, the
coefficient was not determined for a palladium based hydrogen sensor, but
for an FBG surface bonded to a metal structure. The coefficient determined
via a strain measurement was compared to the coefficient via a temperature
measurement. Again, a direct linear correlation was found. This implies, that
the coefficients can be used interchangeably and a temperature measurement
can be used for a strain calibration of a surface bonded FBG. This method is
unlikely to be useful for the hydrogen calibration of the sensor, due to the
complex setup and constraints with the strain measurement with foil gauges.
However, it might prove to be an a new and excellent method for strain cali-
bration of surface bonded FBGs for structural health monitoring. This would
allow absolute displacement measurements and tracking of the health of an
individual sensor.



Chapter 10

Summary and future work

The motivation of this thesis was to develop a fiber optic hydrogen sensor
for the health monitoring of transformers. Palladium, which expands with
hydrogen absorption, and FBGs, which measure this expansion, were chosen
as the basis of the sensor principle. In this thesis the focus lay on increasing
the hydrogen sensitivity of the sensor. This was achieved by developing a
theoretical model of the response depending on the palladium geometry, new
sensor designs and manufacturing methods.

The theoretical model led to useful diagrams for selection of the working
temperature to avoid the phase change region and for selection of the palla-
dium geometry to achieve a required sensitivity. This theoretical examination
also showed that FBG sensors with a palladium coating would not reach the
required sensitivity. As a consequence new sensor designs with large cross-
sectional area palladium foils were developed. For the manufacturing of these
sensor special tools were designed, new processes were developed and con-
ventional processes were adapted. Vacuum bagging proved to be an excel-
lent method for the manufacturing of different palladium foil sensors. It also
showed potential for scaling the manufacturing process since 15 sensors could
be manufactured simultaneously. Furthermore, to further increase the sen-
sitivity, a sensor design using palladium-silver foil and a new concept us-
ing a pre-strained palladium foil and FBG were developed and tested. The
palladium-silver foil sensor is the most sensitive hydrogen sensor (based on
palladium and FBG) reported in the literature so far. But the response time
is slow and the sensor was only successfully tested up to 1% hydrogen. At
higher concentrations the enormous expansion of the palladium-silver caused
a delamination of the foil from the fiber. This makes the palladium-silver foil
sensor only suitable for very specific applications where the highest sensitivity
is necessary and a slow response and a small hydrogen concentration range are
acceptable. With the pre-strained sensor the sensitivity could be significantly
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amplified. However, an ongoing relaxation process was discovered during the
measurement, and has not been resolved during the course of this thesis. All
sensors were tested at various hydrogen concentrations and temperatures in
gas atmosphere and in oil. The ideal candidate for the implementation in a
transformer proved to be a sensor based on a 100 µm palladium foil. This sen-
sor is highly sensitive, robust, and easy to manufacture in a scalable way. In
addition, a new calibration method based on the coefficient of strain transfer
was introduced. This coefficient could be obtained via hydrogen, temperature,
and strain measurement. This enables a hydrogen calibration of the sensor via
a single hydrogen measurement. Furthermore, we showed that a temperature
sensitivity calibration of the hydrogen sensors can be used for the hydrogen
calibration itself achieving good accuracy results. Finally, we showed that for
surface bonded FBGs a temperature sensitivity calibration can be used for their
strain calibration.

The sensor requirements and specifications described in Section 1.2 were
met: the sensor detects dissolved and gaseous hydrogen in a range of 50– 2,000
ppm in gas and oil with a resolution better 2 ppm/ pm for dissolved hydrogen
concentrations below 100 ppm and a resolution better 6 pm/ ppm for concen-
trations above (see Chapter 8). By selecting a working temperature of 90◦C the
sensor can be exposed to 16,000 ppm dissolved hydrogen before entering the
phase change region (by selecting a higher working temperature the thresh-
old can be increased, see Section 4.1.1). Furthermore, we showed that carbon
monoxide only affects the response time, but does not impact the overall re-
sponse and sensitivity (see Section 8.1.2). The temperature cross-sensitivity of
the FBG is compensated by using a reference FBG (see Section 3.3). The tem-
perature influence on the hydrogen solubility and thus response can be taken
into account by the equations presented in Section 4.3. Additionally, the sensor
proved to be reversible and no degradation of the sensors could be observed
during extensive testing over 6 month in gas and oil and at temperatures up to
120◦C (see Chapter 8).

This thesis answered many questions, but, also led to many more questions
which should be answered in the future. Future work that can be derived from
this work is:

• The implementation of the sensor in a real transformer will be the next
important step. We are currently working on the integration following a
proposed design concept with local heating of the sensor (New Zealand
patent application number 734975). It is currently being tested in the lab-
oratory and a implementation in a test transformer is planned for 2018.



135

• The optimization of the response time of the foil sensor is of interest for
certain applications. In this thesis, the effect of the palladium geometry
on the hydrogen sensitivity was investigated in detail. But the palla-
dium geometry also affects the diffusion time of hydrogen and thus the
response time of the sensor. A investigation of foil sensors with various
foil thickness would give further insight into the response time of the
sensor and would be useful for future sensor development.

• Further evaluation of the palladium-silver foil sensor and testing of other
palladium alloy foils is of interest. The palladium-silver foil sensor failed
during a 5% hydrogen step. It would be interesting to characterise the
sensor further at low concentration, to determine its detection limits and
its unloading behaviour. Furthermore, palladium-silver alloy with dif-
ferent silver concentrations and palladium with other alloying materials
might increase the sensitivity, or suppress the phase change and should
be investigated further. Since the variety of commercially available pal-
ladium alloy foils is limited, this could require the manufacturing of foils
itself.

• The slow response time of the palladium-silver foil sensor may be re-
solved by sputter coating a thin layer of pure palladium on the foil sur-
face. This would increase the amount of palladium atoms on the surface
and thus, more hydrogen dissociation sites may be available.

• The pre-strained sensor design needs to be improved. Our results can be
seen as a proof of principle, however, to increase the usefulness for an
application of the sensor several challenges need to be addressed. The
observed relaxation process, possibly due to creep in the adhesive inter-
face, needs to be resolved. Furthermore, the complexity of the design
should be reduced to lower the cost. Finally, the influence of vibration on
the sensor and the long term stability needs to be investigated.

• The vacuum bagging method proved to be an excellent method to at-
tach thin metal foils to optical fiber. This led to a collaboration with the
team of Professor Luc Thévenaz from EPFL, Switzerland who special-
izes in fully distributed fiber optic sensing based on Brillouin scatter and
Rayleigh backscatter. We discussed the possibility of combining our foil
sensor with their distributed sensing technology. This led to the devel-
opment of a sensor consisting of a 2 meter long Ormocer coated fiber
with four 50 mm long foil segments (sandwiched 20 µm palladium foil).
The sensor was designed and manufactured using the vacuum bagging
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method. This sensor was sent to EPFL and is currently being evaluated
using Rayleigh backscattering. These results will give an insight in the
possibility of fully distributed hydrogen sensing.

• We showed that the strain transfer coefficient can be used for the strain
calibration of an FBG. Furthermore, we showed that the coefficient de-
termined via strain measurement can be replaced by the coefficient de-
termined via a temperature measurement. The aim is to use the coef-
ficient determined via temperature measurement (with local heating or
intra day temperature fluctuation) on large civil structures to calibrate
installed FBGs for the strain sensitivity and track the health of an indi-
vidual sensor over time. This concept may be verified by fitting a civil
structure with FBGs and reference temperature sensors, or, if available,
by analysing existing data of a structure already fitted with FBGs.
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[7] ALEFELD, G., AND VÖLKL, J. Hydrogen in metals II - application-oriented
properties, vol. 29. Springer, Berlin, 1978.

[8] ALEIXANDRE, M., CORREDERA, P., HERNANZ, M., SAYAGO, I., HOR-
RILLO, M., AND GUTIERREZ-MONREAL, J. Study of a palladium coated
Bragg grating sensor to detect and measure low hydrogen concentra-
tions. Spanish Conference on Electron Devices (2007), 223–225.

[9] AMANDUSSON, H., EKEDAHL, L.-G., AND DANNETUN, H. Hydrogen
permeation through surface modified Pd and PdAg membranes. Journal
of Membrane Science 193, 1 (2001), 35–47.

137

https://library.e.abb.com/public/8d5214134354475ebbf69dc0b13b4f44/1LAB000585-CoreSense%20Hydrogen%20and%20Moisture%20Sensor_EN_Feb%202017.pdf
https://library.e.abb.com/public/8d5214134354475ebbf69dc0b13b4f44/1LAB000585-CoreSense%20Hydrogen%20and%20Moisture%20Sensor_EN_Feb%202017.pdf
https://library.e.abb.com/public/8d5214134354475ebbf69dc0b13b4f44/1LAB000585-CoreSense%20Hydrogen%20and%20Moisture%20Sensor_EN_Feb%202017.pdf
https://library.e.abb.com/public/8d5214134354475ebbf69dc0b13b4f44/1LAB000585-CoreSense%20Hydrogen%20and%20Moisture%20Sensor_EN_Feb%202017.pdf
https://search-ext.abb.com/library/Download.aspx?DocumentID=1LAB000601&LanguageCode=en&DocumentPartId=&Action=Launch
https://search-ext.abb.com/library/Download.aspx?DocumentID=1LAB000601&LanguageCode=en&DocumentPartId=&Action=Launch
https://search-ext.abb.com/library/Download.aspx?DocumentID=1LAB000601&LanguageCode=en&DocumentPartId=&Action=Launch


138 BIBLIOGRAPHY

[10] AMANO, M., NISHIMURA, C., AND KOMAKI, M. Effects of high con-
centration COand CO2 on hydrogen permeation through the palladium
membrane. Materials Transactions, JIM 31, 5 (1990), 404–408.

[11] ANTUNES, P., LIMA, H., VARUM, H., AND ANDRÉ, P. Optical fiber
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