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ABSTRACT 

The hydrogen embrittlement of materials is a major concern for the steel industry, this project is 

motivated by the need of an accurate quantification of small amounts of absorbed hydrogen in 

steels and understand the kinetics of desorption of hydrogen from within the steel. A novel thermal 

desorption spectrometer (TDS) has been designed, assembled, tested and calibrated to investigate 

the intriguing kinetics of hydrogen in steels and consequently be used as a tool to understand the 

hydrogen embrittlement phenomenon. 

 

In Chapter 1, a brief literature review of the wide use of medium and high strength steels in industry 

is presented to highlight the importance of the potential influence that hydrogen embrittlement has 

nowadays in the global economy. Likewise, a summary of the relevant work performed throughout 

the last decades on the understanding of this phenomenon is presented. A major comparison 

between the available techniques for the quantification of hydrogen in steel and other materials is 

also displayed highlighting the advantages and disadvantages of thermal desorption spectroscopy as 

a tool to measure hydrogen content in steels. Finally, the current mathematical theory is described 

and explained to model the kinetics of hydrogen absorbed in steels. 

  

Chapter 2 encompasses the major and latest knowledge gained for the understanding of hydrogen 

embrittlement using thermal desorption spectroscopy. This chapter includes a comparison between 

the different techniques and approaches by previous researchers to use the thermal desorption of 

hydrogen to tackle the hydrogen embrittlement on steels and other materials. Finally, the major 

contributions of TDS on the surface and non-surface science are examined in detail, the 

mathematical approach used is described in detail and comparisons between the different 

approaches are discussed. 

  

Chapter 3 provides a thorough description of the thermal desorption spectrometer developed for 

this project, its design philosophy and specifications are described and a detailed mechanical design 

is given. Specifically, the functioning of the three main sections of the instrument: Loading chamber, 

analysis chamber and calibration rig, is described and their interconnections are shown by 

appropriate mechanical sketches or blueprints. 
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In Chapter 4, a description of the commissioning and calibration of the major components of the TDS 

are examined in detail, taking special care with the calibration of the quadrupole mass spectrometer 

as the detecting and quantifying instrument for hydrogen. The information provided is divided as a 

function of the sections of the instrument, the structure of the previous chapter is followed. Finally, 

the calibration equations for the thermal desorption spectrometer built for this project are 

presented, along with explanations for their range of validity. 

 

Prior to the testing of commercial samples with the TDS, the samples were charged with hydrogen to 

approach their saturation state. Chapter 5 presents the sample preparation required to obtain 

uniformity between samples and a description of the electrochemical and gaseous phase charging 

methods utilised in this project. A brief description of the design, construction and operation of 

auxiliary pieces of equipment used to perform these charging operations is provided. Finally, the two 

groups of medium-strength steels studied are described indicating their chemical composition. 

 

Throughout the experimentation process, a major complication was always present, the exposure of 

the commercial samples to atmosphere produced significant differences in the spectra obtained 

after TDS. An approach followed to understand this phenomenon and, as a consequence, minimise 

its effect is presented in detail. By analysing the results obtained from the TDS, the relationships 

between the spectra obtained and either the time exposure of the samples to atmosphere, or the 

area of the samples is identified. A description of an improved method for the sample handling and 

general guidelines to minimise this contamination are also included. 

 

Chapter 7 and Chapter 8 are devoted to the explanation of the results obtained by using the thermal 

desorption spectrometer developed in the project. The advantages and disadvantages of the 

technique are examined, recommendations for future work are sketched aiming to give a path for 

further development of the instrument and as a consequence its use in other research projects. 
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CHAPTER 1 INTRODUCTION 

1.1 MOTIVATION AND AIM 

The project was motivated by the need to quantify small amounts (ppm by weight) of residual 

hydrogen in steels in industry. This can be done with commercial instruments, but an additional 

requirement was to relate the rate of hydrogen released to the temperature, via a detrapping or 

desorption spectrum. In this way the spectrum of trap energies could be measured and related to 

the microstructure of the steel under study. The technique known as thermal desorption 

spectroscopy facilitates a deeper level of investigation than measurements of total hydrogen 

content and thus should help to understand the susceptibility to hydrogen embrittlement of 

particular steels. 

 

The aim of the project was to build an advanced instrument for measuring thermal desorption 

spectra, commission it using standard and common steels, then investigate some high-strength 

steels that are important in a particular industry, that of electricity generation using hydrogen-

cooled turbogenerators. 

 

1.2 IMPORTANCE OF MEDIUM TO HIGH STRENGTH STEELS 

Carbon steels are by far the metal alloy most widely produced by man. There is almost no 

engineering application in which this type of alloy is not used, be it construction, automotive 

industry, engines and machinery, military applications, hydrocarbon distribution, steels are ever 

present in modern society.  

 

The advantages of steels for general and specialized construction have positioned it on the top 

preference for designers and engineers. Its versatility has made it an indispensable component of 

general civil constructions but it is probably more remarkably recognized to adorn highly 

appreciated landmark structures around the globe. Additionally, steels are highly recyclable, turning 

this material in one of the most sustainable for construction and yet its mechanical properties do not 

decay after repeated recycling.  
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Technically speaking a steel is an iron-carbon alloy containing less than 2.11 percent carbon. Based 

on its carbon content, steels can be classified as: low-carbon steels (0.1% to 0.30%), medium-carbon 

steels (0.3%-0.6%) and high-carbon steel (>0.6%). However, most of the steel produced contains less 

than 1 percent carbon. The sub classification denominated structural steels ranges from 0.05 to 0.3 

carbon percentage [1]. Only rarely, when high hardness and/or wear resistance is required, carbon 

steel with more than 1% is used. 

 

The steel industry has been a driving force for the world economy and it is expected to continue 

growing in the coming decades. To produce newer steels with higher strength/density ratio at lower 

cost is the new challenge that this industry foresees. Hydrogen embrittlement may play a key role in 

the application of high strength steels, for example, recent developments on Transformation 

Induced Plasticity Steels (TRIP) and Twinning Induced Plasticity Steels (TWIP) have shown the 

feasibility to produce stronger and lighter materials for the automotive industry, but due to their 

particular microstructure and/or composition these materials may be susceptible to hydrogen 

degradation [2]. It is therefore extremely important to further study hydrogen embrittlement 

phenomena in the formulation of new stronger steels. 

 

1.3 HYDROGEN IN STEELS 

1.3.1 Introduction. 

Hydrogen may play a key role in ending our dependency on fossil fuels. Hydrogen is not a primary 

energy source but can be used as a universal energy carrier, just as electricity is [3]. In addition to 

the challenges of generating hydrogen from a primary source such as solar radiation, and storing 

hydrogen in a compact and practical way for fuel-cell vehicles, the containment of hydrogen gas 

itself for industrial applications and energy distribution raises its own challenges. Many metallic 

materials, steels among them, may undergo undesirable structural changes when they are subjected 

to hydrogen. At one end of the scale of hydrogen content, hydrogen-induced decrepitation of ingots 

is a useful process in powder metallurgy, including production of hydrogen-storage alloys. However, 

in the case of structural alloys, absorption of even a tiny amount of hydrogen may lead to 

embrittlement and, as a consequence, failure of an engineering component or structure during 

service [4-8]. The study of these phenomena has engaged the scientific community for decades, 

because of the desire to understand the phenomena themselves, because the economic cost of 
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structural failures and, of course, because of the potential for catastrophic and unpredictable 

structural failure leading to loss of life. 

 

A current industrial application of hydrogen is as a coolant in electricity turbo-generators [9], for 

which hydrogen is very attractive because of its low density, high specific heat and high thermal 

conductivity. A back-of-the-envelope calculation for a turbo-generator rotor shows that its rotational 

kinetic energy easily approaches 1 gigajoule, equivalent to the explosive energy released by 250 kg 

of TNT. Failure of such a structure in service could clearly be catastrophic. 

 

Despite the fact that scientists have been trying to comprehend the influence of hydrogen in steels 

for decades, to date there is not a complete understanding to explain the effects observed in steels 

in the presence of Hydrogen. In this section the diverse mechanisms proposed to understand the 

relationship between hydrogen and steels are summarised.  

 

From the scientific point of view, these phenomena are not well understood due to particular 

characteristics attributed to hydrogen and its behaviour. Nagumo [10] identified four major 

distinctive characteristics that have prevented the identification of a single causal explanation: first, 

even small amounts of dissolved or trapped hydrogen, as low as 1ppm hydrogen (by weight) may 

cause failure in steels. The author emphasizes that this fact has led to severe complications due to 

the sophisticated instrumentation needed for its detection due to hydrogen’s low sensitivity to 

external perturbations and its mobility within the steel lattice. Another crucial characteristic is that 

the fracture mechanism is strongly dependent on the particular microstructure and chemical 

composition of materials exposed to hydrogen. Additionally, different fractographic behaviours have 

revealed a wide range of failure mechanisms. Finally, the author observes the uncertainty 

encountered in the time dependency to reach failure in steels exposed to a hydrogen atmosphere. 

The failure may happen within hours or even years after being exposed to similar hydrogen 

atmospheres 

 

On the other hand, the cost of equipment and structural failures due to a hydrogen related process 

is hard to assess. It is estimated that the cost of failure of equipment in North America is as high as 

$100 billion per year [11], but even a rough estimation of the actual influence of hydrogen related 
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failures is not yet available. However, when evaluating the history of catastrophic failures directly 

related to hydrogen damage and its variations, it can be assumed that a considerable amount of the 

mentioned total annual cost is caused by hydrogen related processes [12]. Additionally, the loss of 

life has to be somehow accounted for, but this is scarcely possible in monetary terms. One of the 

most infamous hydrogen related catastrophes, due to the magnitude of the incident, was the failure 

of a 16.8 m diameter amine absorber vessel, which occurred in Lemont, Illinois in 1984. The result 

was 17 workers killed and an estimated US$100 million in total damages[13].  

 

1.3.2 Hydrogen Embrittlement Phenomena 

Alloys are at their simplest a random mixture of two or more elements in the solid state, forming a 

solid solution. In the simplest case there is no long-range order according to the chemical identity of 

the elements. Certain compositions, typically at stoichiometric ratios, may form ordered structures 

(compounds) and many technologically useful alloys are multi-component, containing ordered 

regions of one phase in a random solid solution phase, for instance. There are two fundamentally 

different types of solid solution that are relevant to the present case. In a substitutional alloy, such 

as copper in nickel, the nickel atoms are substituted (replaced) by copper atoms. In an interstitial 

alloy, for example low-carbon steel, carbon atoms occupy interstices in the iron lattice due to their 

smaller atomic radius [14]. The well-known Hume-Rothery rules for interstitials state that (i) the 

apparent diameter of the solute atom must be smaller (< 0.59) than of the solvent and (ii) the 

electronegativities of the solute and solvent (lattice) atoms must be similar. Hydrogen, carbon, 

nitrogen and oxygen are the most common interstitial atoms due to their small sizes compared to 

the lattice atoms. In a BCC lattice, the octahedral interstice in the face centre of the unit cell 

corresponds to a maximum solute/solvent radius ratio of 0.155, so that hydrogen should be soluble 

in the iron lattice on this ground. On the other hand, the electronegativities of H and Fe, respectively 

2.1 and 1.83 and not very similar. A survey of the electronegativities of the elements compared to a 

survey of the hydride-forming elements does not give a good correlation, so the second Hume-

Rothery rule is not very useful for the smallest interstitial. At sufficiently high hydrogen pressure, 

most of the transition metals eventually form hydrides with stoichiometry TMH or TMH2. In the case 

of pure iron, gigapascal hydrogen pressures are required. 
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1.3.2.1 Hydrogen Solubility 

Hydrogen, as for other diatomic elements (e.g. oxygen or nitrogen), at low pressures follows 

Sievert’s law, in which the concentration of atomic hydrogen dissolved in a matrix, �� [
��

�
], is 

proportional to the square root of the gas partial pressure [����]. 

 

 A �� = �(���
)�/� Equation 1.1 

 

Additionally, the hydrogen solubility in iron is directly affected by several factors (Figure 1.3). 

Timmins [12] points out that the amount of hydrogen dissolved in the iron lattice is directly 

proportional to temperature and varies as a function of the crystal structure. As it can be seen in 

Figure 1.1 the hydrogen concentration in body centred cubic (BCC) α-iron is smaller than in face 

centred cubic (FCC) ɤ-iron and this is smaller than the hydrogen concentration in liquid iron. 

Furthermore, as the temperature decreases the differences become greater. 

 

Figure 1.1 Variation-of-the-solubility-of-hydrogen-in-iron-as-a-function-of-Temperature [15] 

Timmins explains the “trapping effect” of hydrogen in the iron lattice, marking a difference between 

the observations above and below 400 °C. Above 400 °C the interstitial hydrogen is dissolved in the 

lattice following Sievert’s law as a limiting factor. On the other hand, at temperatures below 400 °C 
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the author introduces the concept of “apparent solubility” to explain the higher solubility value 

present in this region when compared to the one limited by Sievert’s Law. The author explains this 

phenomenon based on the presence of defects within the lattice (e.g. vacancies, dislocations, 

inclusions), in which the excess of hydrogen is “trapped”, so exceeding the solubility limit of the 

lattice. Figure 1.2 shows the effect of trapped hydrogen in the hydrogen solubility in alpha-iron. The 

excess of hydrogen, beyond that which is soluble interstitially, is retained in different sites 

commonly known as traps.  

 

Figure 1.2. Hydrogen-solubility-in-alpha-iron [15]. The dotted lines represent the extrapolated values for interstitial 
solubility. 

In an ideal lattice, the hydrogen solubility is driven by the heat of solution of the solute in an ideal 

dilute solution. As a reference, Thomas et al. [16] exemplifies the effect of trapping on the solubility 

of hydrogen in steels through comparison with the hydrogen solubility in pure iron, as presented in 

Figure 1.3. The increase by four orders of magnitude in the hydrogen solubility in steels compared to 

pure iron is caused by hydrogen trapping at dislocations, solutes and other microstructural 

inhomogeneities. 
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Table 1.1. Solubility of hydrogen in pure iron and iron based alloy [16] 

 Hydrogen Solubility Observation 

Pure Iron 3 x 10-4 ppm   Measured in pure iron 

 Temp: 25 C 

 Heat of Solution 28.6 KJ/mol in equilibrium with 10 5 Pa-H2 

Steels 4 x 10-1 ppm  Measured in martensitic AISI4135 

 Temp: 25 C 

 

 

 

 

1.3.2.2 Hydrogen Diffusivity 

The diffusion of hydrogen in steel occurs by the migration of hydrogen through the steel lattice. 

Atomic hydrogen diffuses into the metal lattice following Fick’s Law and its diffusion coefficient has 

an Arrhenius behaviour, as follows: 

Figure 1.3 General Factors affecting Hydrogen Solubility in Steels 

Temperature •Directly Proportional

Crystal 
structure

•BCC α-Iron < FCC ɤ-Iron < 
Liquid Iron

Traps

•Grain Boundaries

•Voids

•Intersticials

Partial 
pressure

•Following the Sievert's Law
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a� = �

���

��
 Equation 1.2 

 
a� = ����

��
�� Equation 1.3 

 

The diffusion flux, J [
���

���
] continues until equilibrium in the concentration is reached. The diffusion 

coefficient, D [
���

�
], is the proportional constant that links the diffusion flux and the driving force 

through the lattice. At the same time, the Arrhenius equation states that the diffusivity is dependent 

on the temperature, T [�], and the activation energy, �� [
�

���
]. 

 

Hydrogen will diffuse from a region of high local chemical potential towards a region of low local 

chemical potential. Following Equation 1.2 in a hypothetical stress-free body held at constant 

temperature, the flux of hydrogen will continue until the concentration gradient between these two 

regions reaches zero in equilibrium. However hydrogen atoms may also diffuse due to the presence 

of a stress gradient, such as the elastic stress fields caused by defects (e.g. notches, inclusions, 

cracks, dislocations). Thus hydrogen atoms move to a lower energy position, such as those in tri-

axially stressed regions. 

  

The influence of temperature is explained on the basis that the diffusion coefficient varies following 

Arrhenius’s equation (Equation 1.3). Figure 1.4 presents the hydrogen diffusivity for pure iron and 

different steels. In Arrhenius type plots according to Equation 1.3 the slope of the line yields the 

activation energies for diffusion ��.  It can be seen that there is a slope change around 200 °C. 

Below 200 °C, the lower effective diffusivity, ����, is explained on the basis that the trapping effect 

of hydrogen impedes the diffusion of hydrogen in the lattice; therefore this region presents 

considerably lower effective diffusivity values and higher activation energies.  
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Figure 1.4 Diffusivity of Hydrogen in Iron and other steels [12] 

It is well known that as the effective hydrogen diffusivity decreases, the effective hydrogen solubility 

increases, relative to the values for pure iron, with increasing trap density and trap strength in 

steels. Likewise, tensile strength and hydrogen trapping usually correlate, because the same features 

(e.g. carbide inclusions) that promote the strengthening of the material matrix also promote 

hydrogen trapping [16, 17].  
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Figure 1.5. Summary of the diverse driving forces for hydrogen diffusion in steels 

 

1.3.2.3 Hydrogen Trapping 

Pressouyre [18] explains the trapping of hydrogen in a particular lattice defect based on the 

probability of this trapped hydrogen atom to return (or not) to a normal lattice site. Additionally, 

Manning in Timmins [12] introduces the concept of the hydrogen trapping depending on the energy 

of motion, Ed, and the nature of the different traps that could be present in the steel. The energy of 

motion, Ed, represents the driving force that promotes interstitial diffusivity within the lattice. 

Driving Force

Gradient in 
Chemical 
Potential

Gradient in the 
Lattice CH

Fick’s Law

↓CH  

(temporarily)
σapplied→            

↑ Solubility

Elastic Stress 
Field, caused by

Defects

Notches

Inclusions

Cracks

Dislocation

Tri-axially
stressed regions

Low energy 
interstitial site 

Hydrogen 
Diffusivity 

Change Deff as 
Temperature 

changes

Directly 
Proportional 



25 
 

 

The schematic wavy lines in represent the energy as a function of the position of the hydrogen atom 

as it travels through several equilibrium points of the lattice. Firstly, the movement of the hydrogen 

atoms in a preferred direction is explained by Figure 1.6-a and Figure 1.6-b. In the former, the 

schematic lattice portrayed does not suffer any distortion; i.e. the average jump height is 

unchanged, however it is more probable for the hydrogen atom to move from point B to point A 

rather than jump back to point C. This backward jump is less likely than the forward jump, therefore 

it can be said that the atom is attracted to site B. On the other hand, Figure 1.6-b portrays a 

hypothetical distorted lattice in which the energy jump needed to move from one site to another is 

continuously changing. As a consequence the movement from site B to site A is more energetically 

favourable.  

 

 

Figure 1.6 Schematic energy representation of hydrogen diffusion and trapping. a) Driving force acts on the atom. b) 
Diffusion coefficient gradient causes the effective height of the barrier to differ. c) Attractive trap. d) Physical Trap. Di is size 
of the trap 

 

In addition to distinguishing Attractive Traps and Physical Traps, Pressouyre notes the possibility of 

the combination of both. An attractive trap (Figure 1.6-c) is a region of the crystal lattice where the 

hydrogen atoms are subjected to a driving force which pulls them to the centre of the region of 

dimension Di. This driving force could be imposed by electric fields, stress fields, temperature 
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gradients or chemical gradients. According to Pressouyre, the electrostatic force arises because H 

gives up its electron to the electronic structure of the metal, so that any defect that introduces an 

electron vacancy (deficiency) will attract a hydrogen atom to attain neutrality. The tensile stress 

fields are caused by defects (dislocations, grain boundaries, particles, crack tips). The effect of 

temperature is observed whenever there is an inhomogeneous temperature distribution directly 

affecting the local hydrogen concentration. And the chemical gradient can be expressed as a 

thermodynamical process that takes into account the local concentrations of the traps.  

 

A physical trap is a modification of the ideal crystal lattice in which a hydrogen atom diffusing 

through is randomly attracted, and due to the nature of this trap it is energetically favourable for a 

hydrogen atom to reside there, e.g. high-angle grain boundaries, voids, particle/matrix interfaces. 

 

Attractive traps are more reversible than physical traps. A trapped hydrogen atom is more 

energetically likely to accomplish its escape from an attractive trap by a successive small energy 

jumps than by the single relatively large energy jump needed to escape a physical trap.  

 

1.4 INTRODUCTION TO EMBRITTLEMENT MECHANISMS 

Figure 1.7 chronologically summarizes the most recognized theories proposed to explain the 

phenomena observed when hydrogen is in contact with different materials. From this condensed 

list, the three mainly highlighted mechanisms for steels are to be discussed in this section. Proposed 

by Beachem [19] and modified later by Birnbaum [20], Hydrogen Enhanced Localized Plasticity 

(HELP) mechanism has been widely accepted [21]. According to Sofronis et.al. [22], HELP is based on 

experimental observations and theoretical considerations. The author explains this mechanism in 

two statements: first, in a range of temperatures and strain rates, the presence of hydrogen 

promotes dislocation movement; therefore, there is a plasticity increment in a localized region 

nearby the fracture surface. The fracture obtained is the result of a highly localized ductile rupture 

(which can be observed through micro-examination), despite the fact that there is a reduction in the 

macroscopic ductility, which on the contrary can be interpreted as an indicator of brittle behaviour. 

The other point is the reduction in the interaction forces between the dislocation-hydrogen centres 

and the other elastic centres, resulting in increased dislocation mobility. Sofronis et al. reinforce this 

point based on a list of observations made by several authors, and ends with the inverse relationship 
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between the gradient of material stress and the concentration of hydrogen in the lattice as a 

consequence of the dislocation mobility. It is worth to highlight that Birnbaum et al. [23] established 

a theoretical model to explain the origin of this embrittlement phenomenon, with the assumption 

that it is the screening of the elastic field of the dislocation due to hydrogen that results in enhanced 

mobility. However, and in spite of the adequate explanation for the plasticity observations in 

fracture surfaces, this proposed mechanism does not explain how material softening due to the 

presence hydrogen at microscale causes shear localization at macroscale.  

 

Figure 1.7. Chronological summary of the main mechanisms proposed to understand the group of phenomena termed as 
low-temperature hydrogen attack (LTHA). 

Similarly, developed by Troiano and Oriani, another recognized postulate is based on lattice 

decohesion of the matrix in the presence of hydrogen. Oriani [24] states that dissolved hydrogen at 
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correspondent stress of the atomic cohesive force within the lattice. At the same time, the local 

stress promotes the concentration of hydrogen and helps to destroy the hydrogen-weakened atomic 

bonding. Despite the fact that the author asserts the necessity of non-Hookean stresses (plastic 

behaviour) at crack tips, dislocation pile-ups, intersection of slip-bands and regions of plastic 

incompatibility, his theory is based on the achievement of an excess in concentration within the 

lattice that leads to a decrease in the atomic cohesive force, which results in a brittle fracture. This 

gap in his theory has impeded the understanding of the plasticity which accompanies the fracture 

caused by HE. [21]. 

 

A different approach has been recently developed by Nagumo [10]. In his Vacancy Agglomeration 

mechanism, failure in steels in the presence of hydrogen is due to the increase in the number of 

vacancies in the metal lattice, which at the same time are promoted by the presences of hydrogen 

and strain. This theory changes the traditional point of view that the hydrogen is the primary cause 

of HE, and proposes that the vacancies and their agglomeration are  actually responsible for  the 

change in mechanical properties of the material. Therefore, even with small diffused hydrogen 

concentrations the number of vacancies might be sufficient to cause the failure.  

 

Nagumo based his findings on 5 factors: presence of hydrogen, strain induced hydrogen absorption 

capacity, density of strain induced trapping sites (mainly vacancies and their agglomeration), ductile 

crack growth resistance (DCGR), and amorphization on the crack tip1. So, the synergetic effect of the 

presence of hydrogen and the exertion of plastic strain on the metal increase the strain induced 

hydrogen absorption capacity for weakly trapped hydrogen. In addition, the density of trapping sites 

is increased by plastic strain. Consequently, the increment in the density of vacancies and/or their 

agglomeration (i.e amorphization) leads to a decrease in the DCGR. Finally, the decrease in the DCGR 

and the localization of voids at the crack tip leads to shear instability associated with the crack 

advance.  

 

None of the proposed mechanisms fully describes the actual phenomena of hydrogen embrittlement 

(Table 1.2). The continuous research efforts applied to reveal the complex behaviour of hydrogen in 

steels has led to some of the theories being discarded, some others being modified or synthesized 

                                                           
1 Amorphization of the fracture surface is an expected result of the high density of vacancies at the crack tip. 
Nagumo, M., et al., Amorphization associated with crack propagation in hydrogen-charged steel. Scripta 
Materialia, 2003. 49(9): p. 837-842.12.  
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with others to obtain a novel unified theory. The proposed mechanisms furnish theoretical 

explanations for the diverse experimental evidence obtained in order to synthesize a better 

understanding of this critical phenomenon.  

 

Table 1.2. Summary of the flaws pointed out by Nagumo et al. regarding the main hydrogen failure-induced mechanisms 
considered in his work [10] 

Theory Flaw 

Lattice decohesion No experimental evidence supporting a decrease in Fe-Fe bonding energy [10]. 

Hydrogen enhanced localized 
plasticity 

Theoretically a lattice hydrogen density of 10-3 in atomic ratio is needed to 
reduce the elastic energy of dislocations in order to promote dislocation 
mobility and shear localization in hydrogen concentration zones [10]. 

Vacancy agglomeration Further studies needed of the relationship between vacancy formation and 
dislocation mobility [10]. 

 

 

1.5 SURVEY OF METHODS TO MEASURE HYDROGEN CONTENT AT PPM 

LEVELS 

Many thermal evolution methods have been applied to hydrogen determination in industrial 

applications and commercial instruments are available for the determination of carbon, sulphur, 

oxygen, nitrogen and hydrogen. Generally speaking, this method comprises the utilization of a heat 

source (radio frequency induction heating, resistive furnace, etc.) to heat the sample (usually 

melting the sample quickly). The gases are then driven by a carrier gas and separated by chemical or 

physical means in order to present a uniform and reliable analyte gas to the analytical sensor. 

Focussing on the determination of hydrogen from metals (particularly steels), a commercial 

instrument typically utilizes a thermal conductivity detector to distinguish hydrogen from a complex 

mix of combustion gases. . A thermal conductivity detector measures the concentration of a gas in a 

binary gas mixture, in which the thermal conductivity of the reference gas (carrier gas) is compared 

with the sample gas subjected to analysis [25]. Argon is sometimes used as a carrier gas for these 

combustion gases. In this case CO2 must be converted to CO, by using iodine pentoxide, in order to 

avoid the conversion of H2 into water. CO2 is scrubbed out with sodium hydroxide and N2 and H2 are 

separated chromatographically. It is only then that the “filtered” combustion gases reach the 

thermal conductivity detector [26].  

Vacuum Extraction [27] is an accepted standard analytical method for the determination of 

hydrogen content [28, 29], it is also known as the Ransley method after its inventor. It was designed 
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for the determination of hydrogen content in aluminium alloys from solid samples, but variations 

were developed to determine the same parameter from liquid samples, and for the determination of 

hydrogen solubilities and some corresponding diffusivities. It is considered the most reliable method 

for hydrogen determination and it is accepted as a standard for other routine analytical instruments. 

The long analysis (hours) time and the need of well-trained operator are its major drawbacks.  

 

The carrier gas method, also known as the LECO method, is an application developed by Degreve 

[28]. This method is considered rapid (~15 minutes) and can be used in routine operation by an un-

skilled operator. This method is commonly used for off-line solid samples and consists in the 

application of standardized power/time cycle heating, in a nitrogen carrier atmosphere, to 

independently vaporize spurious surface hydrogen and analyse accurately the hydrogen contained 

within the sample into a stream of argon, usually quantified by a thermal conductivity cell.  

 

Smith [30] summarizes three major drawbacks of this technique:  

1. Species other than hydrogen may be desorbed from the sample under analysis or from the 

instrumentation. 

2. The method has inherently low resolution, 50 ppb for 5 gram of sample 

3. Only total hydrogen content can be determined. 

 

Smith emphasizes that the mentioned drawbacks make the technique inadequate to investigate the 

trapping phenomena either quantitatively or qualitatively. Additionally, Smith points out that the 

technique is not effective to analyse materials with low hydrogen solubility, such as aluminium 

alloys.  

 

Other techniques have been successfully used for the detection of hydrogen in aluminium and 

aluminium alloys in the liquid state. In the Telegas and Alscan methods, known as closed-loop 

methods, a porous probe is immersed in the molten metal. Subsequently, nitrogen gas flows 

through the interior of the probe and within 5 minutes or more it reaches equilibrium with the 

hydrogen in the molten metal. The hydrogen content is measured by thermal conductivity sensors 

and corrected according to Sievert’s law [31]. The method is rapid and direct and ideal for in-line 
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use, but the probes used for the hydrogen sampling are considered expensive consumables that 

require periodic replacement.  

 

Variations of the presented methods have been adapted to obtain a thermodynamic response of the 

hydrogen evolution from solid samples with relative success. However, thermal desorption 

spectroscopy seems to be the most reliable, direct and sensitive way to study the kinetics of 

hydrogen desorption from steels. Its advantages are summarized in section 1.6. 

 

1.6 IMPORTANCE OF TDS AS A WAY TO MEASURE TRAP-ENERGIES 

Thermal Desorption Spectrometry (TDS) has been used in this project to explore the kinetics of 

hydrogen in different types of steel, and to undercover its trapping mechanism. This technique 

provides a direct, precise and selective measurement of not only the amount of hydrogen in the 

materials, but also valuable information on the kinetics of hydrogen desorption from the base 

material as a constant heating rate is applied over the sample analysed. Additionally, its superior 

sensitivity aims to distinguish hydrogen desorbed from the sample subject to analysis despite its high 

mobility and small mass to charge ratio. 

 

Likewise, TDS presents a major advantage over the traditional hot extraction methods used for the 

determination for hydrogen content in steels. The hot extraction method is part of the thermal 

evolution schemes based on the vacuum fusion technique used for the analysis of oxygen, nitrogen 

and hydrogen [26]. Whereas Vacuum Hot Extraction and Hydrogen Hot Extraction provide just the 

total amount of hydrogen, regardless of its distribution within the sample or the kinetics involved 

during melting, TDS provides a hydrogen desorption profile in which the peaks obtained can be 

related to specific phenomena as a function of temperature. It is important to point out that the 

damage related to hydrogen uptake depends not only on the amount of hydrogen absorbed in the 

steel but also on its mobility. The TDS spectrum obtained plus the physical-chemical characterization 

of the steel (i.e. metallographic features of the material and its chemical composition) form a 

powerful tool to understand hydrogen trapping within the steel matrix. For example, from hydrogen 

desorption spectra and the correct interpretation of the physical-chemical characterization, the 

hydrogen trapping states of vacancies, dislocations, grain boundaries, and interfaces between 

phases in a steel matrix are plausibly resolved.  
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Figure 1.8. Schematic of a Thermal Desorption Spectrum. By Applying a constant heating rate, the desorption evolution of 
species can be observed as a function of temperature 

 

1.7 BINDING ENERGY CALCULATIONS IN STEELS 

Thermal desorption spectrometry has been used, in conjunction with mathematical analysis, to 

estimate the desorption activation energies of the different hydrogen trapping sites in steel and 

other materials. These calculations can be correlated with additional intrinsic properties of the 

material, such as microstructure and chemical composition, to provide information regarding the 

susceptibility of this particular material to hydrogen embrittlement, or to improve the development 

of novel materials to avoid hydrogen’s deleterious effect. 

 

In order to tackle the trapping phenomena of hydrogen in steels, it is important to identify the 

kinetics involved during desorption of hydrogen from a trapping site, up to the point at which the 

hydrogen is fully desorbed from the base material. Consider a hydrogen atom that has been trapped 

by a metallurgical trapping site, desorption of this absorbed (i.e. into the bulk) atom by thermal 

desorption will involve several energetic jumps. Firstly, the hydrogen atom should be energetically 
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excited in order to be able to overcome the binding energy Eb [
�

���
]of the particular trapping site. In 

consequence the hydrogen atom is detrapped, leaving behind a vacant trapping site and a hydrogen 

atom absorbed into the steel lattice. Subsequently, if enough energy is supplied to overcome the 

migration energy Em [
�

���
], this absorbed hydrogen can diffuse through the lattice to its free surface 

to become adsorbed hydrogen. Therefore the activation energy Ea [
�

���
] to liberate a hydrogen atom 

from its hypothetical trapping site to the material surface is the sum of the binding energy and 

migration energy: 

 �� = �� + �� Equation 1.4 

 

Once at the surface, the hydrogen atom may recombine with another hydrogen atom that has been 

desorbed from an independent site and form diatomic (molecular) hydrogen, once the energy of 

chemisorption Echem [
�

���
]has been overcome. This process is summarized by Equation 1.5 and 

schematically represented by Figure 1.9. 

 

 2 ����� 

��
↔ 2 

����
+ 2 ����

��
�� 2 ����

�����
�⎯⎯� ��(�) Equation 1.5 

 

The hydrogen escape rate has been widely explained by the application of the Polanyi-Wigner 

equation [17, 32, 33], through thermal analysis methods [34, 35]. Choo and Lee [34], using an 

approach based on the adsorption/desorption kinetics of hydrogen, developed a model of the 

hydrogen escape rate by the application of the general Polanyi-Wigner equation. Their model 

involves a desorption rate of the nth order and a rate constant described by Equation 1.6 
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Figure 1.9 Schematic representation of the hydrogen detrapping of bulk species by thermal desorption. 

 

The hydrogen escape rate has been widely explained by the application of the Polanyi-Wigner 

equation [17, 32, 33], through thermal analysis methods [34, 35]. Choo and Lee [34], using an 

approach based on the adsorption/desorption kinetics of hydrogen, developed a model of the 

hydrogen escape rate by the application of the general Polanyi-Wigner equation. Their model 

involves a desorption rate of the nth order and a rate constant described by Equation 1.6 

 

Given that hydrogen desorption from a trap site is a thermally activated process, the hydrogen 

evolution rate from this particular trapping site can be expressed within the standard formalism of 

chemical reaction kinetics as: 

 �Θ

��
= ��. ��(

��
��

). Θ� Equation 1.6 
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where: 

 Θ Hydrogen fraction released.  

�� Frequency factor 

�� Desorption Activation Energy [
�

���
] 

� Reaction order 

� Universal gas constant[
�

�����
] 

� Absolute temperature [�] 

� Time [�] 

 

During TDS the sample under analysis is heated according to a temperature profile, in which 

temperature is typically linearly increased with time t, Equation 1.7 

 

 �T

��
=  Φ  Equation 1.7 

 

Therefore Equation 1.6 can be rearranged as 

 

 

 

�Θ

��
= −

1

Φ
��. ��(

��
��

). Θ� Equation 1.8 

 

Peaks in the evolution rate occur at temperatures, Tp, corresponding to 

 

 
0 =

��Θ

���
      ��

= � Θ���  
�Θ

��
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 Equation 1.9 
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Kissinger [36] has shown that the product � Θ��� is independent of Φ  and nearly equal to unity. 

Equivalently, if a first-order reaction is assumed (n = 1), �� is only dependent on the heating rate Φ  

[17], as follows: 

 

 ��

�. ��
� = −

1

Φ
 �� �

��
��

���
�
 Equation 1.11 

 

By rearranging Equation 1.11, a convenient Arrhenius-type linear equation is obtained in the form   

� �ln
�

��
� ,−

�

��
� with slope −

��

�
: 

 

 
ln

Φ

��
� =  −

1

��

��

�
+ ln

��

���
 Equation 1.12 

 

Therefore, by performing appropriately designed experiments at different heating rates, the 

activation energy can be calculated from: 

 
� �ln

Φ
��

��

� �
1

��

�

=  −
��

�
 Equation 1.13 

 

Equation 1.13 represents the most common method for the determination of activation energies 

[17], based on evaluation of the thermal desorption spectra of samples prepared under identical 

conditions at different heating rates. Therefore, the activation energy corresponding to a particular 

thermal desorption peak is determined by the shift of the peak temperature with heating rate. In 

reality, Equation 1.13 makes it possible to determine the activation energy of the reaction regardless 

of its reaction order [36].  

 

This method, also known as the Arrhenius plotting method, relies on some important simplifications 

which have to be considered in order to understand its limitations: 

1. Hydrogen diffusion and its associated migration energy are not considered in the model. 
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2. There is no interaction between traps. 

3. The retrapping of hydrogen is neglected. 

 

Regarding these points, Bergers et al [17] recommends that the sample should be as small as 

possible in order to minimize the diffusion effect. Additionally, special care should be taken 

regarding the sample surface preparation so recombination and retrapping are avoided. Finally the 

authors recommend that the heating rates should be maintained as low as possible to ensure that 

desorption (rather than diffusion) is the only rate-controlling process.  

 

It is important to remark that the monitored desorption signal in TDS is proportional to the rate of 

desorption [37]. For experiments performed under UHV, the pumping speed is constant and high 

enough to avoid the readsorption of a desorbed species on the sample. As will be detailed in Chapter 

3, the instrument designed for the present experimental work has a base pressure of 2x10-10 mbarH2, 

so the recombination of desorbed atoms from the sample is minimized and the order of the 

desorption reaction order can be assumed to be the unity.  

 

Complex statistical models which include the diverse interactions between the desorbed species and 

the adsorbate have been developed using Monte-Carlo simulations [38]. Other models include an in-

depth analysis incorporating the diffusion of hydrogen in the lattice and its migration from trap to 

trap. At the same time, these models can be distinguished as a function of whether or not the effect 

of high trap occupancy  is taken into account [39] or neglected and/or considered very low [40, 41]. 

Turnbull et al. [42] provide a comprehensive literature review of the thermal desorption models for 

hydrogen, as a function of the contribution of diffusion to the hydrogen desorption process. 

Additionally, Turnbull and co-workers re-examine the model proposed by Lee and Lee [35] and 

compare it with their own extended model. It is particularly important for the development of the 

instrument to be presented in this Thesis, the observations presented by the authors regarding the 

influence of the heating ramp rate and the sample thickness. As stated by Lee and Lee, the activation 

energies can be determined using Equation 1.13, based on the application of different heating rates 

as explained earlier in this section. Turnbull et al. explain the inadequacy of using the former 

treatment for every situation, and conclude that a low initial hydrogen concentration is necessary to 

obtain good agreement between theoretical calculations and those obtained by applying Equation 

1.13. Similarly, when considering the sample thickness in their comparative analysis, it is found that 
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when the thickness of the sample is increased from 2mm to 6mm, the linear relationship required 

for Equation 1.13 to be valid is not verified, which is in agreement with the previous suggestion by 

Bergers [17] for the correct use of Lee and Lee’s approach. Finally, Turnbull states that it is necessary 

to run thermal desorption experiments at progressively lower hydrogen contents in order to have 

confidence in the activation energies calculated from Lee and Lee’s approach. From the 

experimental point of view, the recommendations made by Bergers et al. regarding the heating rate 

and the sample size are accurate and should be taken into account when preparing the experimental 

design. The heating rate should be maintained as low as possible in order to keep the desorption flux 

small and, as a consequence, maintain a lower diffusion rate. It must be remembered that increasing 

the heating rate pushes the desorption peak to higher temperatures and the diffusion coefficient is 

strongly dependent on temperature (Equation 1.3), so keeping the heating rate as low as possible is 

highly recommended. On the other hand, having a thick sample implies having more hydrogen 

absorbed within, in absolute terms, giving place to a dominant hydrogen diffusion phenomenon, and 

as stated by Turnbull et al. the linearity implicit in the use of Equation 1.13 might be lost. 

 

Care should be taken to avoid the systematic errors that may arise during the experiment. Kautto et 

al. [32] describe this method as very sensitive to systematic errors caused by the increasing heating 

rates. They give examples of non-uniform sample temperature or time delay in the response of the 

instrumentation used to monitor the temperature of the system. Such errors may cause 

unrealistically high activation energies and departure from Equation 1.13, since the rate constant 

depends exponentially on the activation energy.  

 

The brief literature review presented aims to highlight the importance of hydrogen embrittlement in 

the global scientific and economic scenarios. Additionally, thermal desorption spectrometry is 

presented as a valuable instrumentation technique than can be used not only to quantify the 

amount of hydrogen present in steels but also to identify its kinetics of desorption and, 

consequently, to give a further understanding to the hydrogen embrittlement phenomenon 

associated. Finally, the most commonly used theoretical approach, proposed by Lee and Lee, [34, 

35] to measure the kinetics of hydrogen absorbed in steels is examined and it is proposed to be used 

in the following chapters.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 INTRODUCTION 

Thermal Desorption Spectroscopy (TDS), also known as Temperature Programmed Desorption (TPD), 

is an analytical technique widely used to investigate the kinetic parameters of desorption, such as: 

activation energy of desorption of species or the reaction order of desorption, as well as the 

quantification of desorbed species. Its simplicity and flexibility have converted TDS in one of the 

most attractive techniques, even surpassing some other more accurate methods, such as X-Ray 

photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy (AES) or Low-Energy Ion Scattering 

Spectroscopy (LEIS). 

 

Binding energies of surface-species have been measured by TDS since the mid-1950s but the 

utilization of this technique to measure the adsorption of species in the bulk material did not begin 

until the early 1980's [1]. The basic premise is that the hydrogen desorption rate from a specimen 

placed into a chamber at a pressure lower than the equilibrium pressure can be measured while it is 

heated at a controlled rate. As a result, the corresponding desorption spectrum can be obtained, 

composed of desorption peaks as a function of temperature [2] and each desorption peak is a 

representation of a different kinetic process [3] (Figure 1.8). The discussion of the Kissinger model in 

Chapter 1 relates the activation energy for each component process to the temperature at which the 

corresponding peak in hydrogen desorption rate occurs. Furthermore, the coupling of a mass 

spectrometer permits the measurement of the partial pressure gradient of selected masses within 

the chamber. Hence the flux of the desorbed species of interest can be quantified. The capability of 

TDS to dynamically measure the evolution of desorbed gases and its high selectivity to discriminate 

among them make this technique a powerful tool to analyse the desorption kinetic phenomena in 

steels and other materials. 

 

Once a TDS spectrum is obtained, it can provide valuable information regarding the hydrogen 

interaction with the sample material, including a quick overview of the desorption temperature, 

kinetics of the process if different temperature rates are applied, and the total amounts of the 

desorbed species [4]. Regarding the last point, Von Zeppelin et al. [4] point out that for an accurate 

measurement of the amount of desorbed hydrogen (or any gas), the instrument should be properly 

calibrated with a known standard. The standard can be in the form of a sample containing a known 
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total amount of hydrogen, or a calibrated rate of hydrogen injection. In general, and assuming ideal 

gas behaviour, differentiating the ideal gas equation with respect to time gives 

 

  ���
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where: 
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Integrating Equation 2.1 with respect to time over the period of observation. 
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The right-hand integral of Equation 2.2 is the total number of moles of molecules (or atoms as 

appropriate) desorbed from the sample, N, and the left-hand integral is the area under the 

desorption curve  pH2 (t) vs t. If an appropriate standard for calibration is used, the amount desorbed 

during calibration is known. Thus an equation for basic calibration of the instrument is 
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where: 

N : Total number moles of molecules/atoms desorbed. 

A : area under the desorption curve  pH2 (t) vs t 

 

In which the calibration constant,
�

��
, describes the linearly proportional relationship between N and 

A. 

 

The methodology described above provides a simple understanding of the capability of the TDS 

instrument to be calibrated against known standards. The calibration can be performed using solid 

standards, in which a linear heating ramp must be applied to desorb the calibration gas from it, or a 

direct gaseous phase calibration in which a known amount of calibration gas is injected into the UHV 

chamber of the TDS. 

  

2.2 SURVEY OF TDS INSTRUMENTS 

Depending on the way the gas analyte is delivered to the device allocated as detector, there are two 

well-known TDS techniques: the carrier gas method and the ultra-high vacuum (UHV) method. Both 

methods use heating to desorb the analyte gas from the solid sample by applying a, usually linear, 

temperature change with respect to time. 

 

2.2.1 The Carrier Gas Method 

The carrier gas method uses an inert gas, such as nitrogen or argon, to transport the gasses released 

from the sample into the detector. Focusing on the quantification of hydrogen, once it has been 

desorbed from the sample subjected to analysis, the detector, by any of several possible means, 

distinguishes it from the stream of desorbed gases. Thermal Conductivity Detection (TCD), Mass 

Spectrometry (MS) and its variations or Gas Chromatography (GC) are among the most common 

detection techniques that have been used throughout the years. 
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In the case of TCD, other desorbed gases need to be removed from the desorbed gas stream (as 

described in section 1.5) before they reach the thermal conductivity detector, so that only hydrogen 

is detected. This scheme is mainly used to quantify the amount of hydrogen contained within the 

bulk sample disregarding the distribution of hydrogen in the as-received state. On the contrary, 

other methods, such as Mass Spectrometry or Gas Chromatography, provide a selectivity advantage 

over TCD. For example, if a MS is used to analyse the gas stream, it can be analysed directly and 

separation from combustion gases is not necessary, given that the mass analyser filters the distinct 

desorbed gases based on their mass-to-charge ratio. 

 

One the most common configurations used to study hydrogen desorption is a MS as a coupled 

detector system. The configuration is basically defined by two chambers: a reactor and a vacuum 

chamber. The reactor is the portion of the system into which the sample is loaded and includes the 

means of heating, the gas carrier inlet and the sample holder. This separate reactor is the major 

advantage of this method, because it does not need to attain extreme vacuum prior to analysis. The 

vacuum chamber, which is connected to the reactor via a leak valve (or equivalent) that maintains a 

pressure differential between the two chambers, includes the MS, a pressure gauge and a pumping 

system. The pumping system maintains the pressure (typically in the high vacuum regime) required 

for the MS to operate correctly. This arrangement makes the instrument cheaper, not only 

considering the component material requirements, but also the required specification of the 

pumping system. 

 

The role of the flow-resistive interconnect between the reactor and MS chambers is to allow a 

sufficient inflow to the MS chamber so the hydrogen can be detected while also allowing the 

pumping system to maintain the pressure in the MS chamber at the appropriate low value. Valve 

systems, flow-meters and/or porous plugs are among other devices used for this task. 

 

The major problem that this method presents is the possibility of readsorption and recombination of 

desorbed gases at the exposed surfaces. Moreover, the presence of the carrier gas presents a variety 

of unknown variables which can hinder detection of the desorption peaks related to a particular 

kinetic process.  
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2.2.2 The Ultra-High Vacuum (UHV) method 

The ultra-high vacuum (UHV) method integrates all the components for heating-desorbing-analysing 

in a single chamber under UHV. Consequently, the hydrogen that is desorbed from the sample is 

directly measured by the detection device. This method provides a fast, direct and sensitive 

measurement of the hydrogen desorbed, although the construction is much more expensive due to 

the elaborate vacuum design, components and pumping system. When a UHV chamber is 

appropriately designed, the pumping speed for hydrogen is high enough to avoid the possibility of 

readsorption of already desorbed species [5], allowing a more accurate quantification of the 

experimental kinetics observed by the detector. One of the drawbacks of this method is that it is not 

suitable for the quantification of hydrogen desorbed from materials with high hydrogen diffusivity, 

such as ferritic steels. This is explained based on the pumping time needed to attain UHV in the 

analysis chamber, since there is a possibility of spontaneous desorption of dissolved hydrogen 

before the measurements can begin. This problem affects only hydrogen that is able to diffuse from 

its site at or slightly above the ambient temperature (or the holding temperature in the TDS if that is 

different). The reason is that for activated processes (atom jumps in this instance) that are able to 

happen within a reasonable observation time at room temperature, every increase in T by 10 C 

roughly doubles the probability per unit time of the event. Thus desorption of a species that occurs 

quickly at even 100 C is much less probable at room temperature.  

 

Table 2.1 TDS METHODS- Advantages and Disadvantages 

METHOD ADVANTAGES DISADVANTAGES 

GAS CARRIER  Economic and simple Possible reversible adsorption/desorption 
effects 

Allows the use of less sophisticated 
detectors 

Less accurate 

ULTRA-HIGH VACUUM  High sensitivity Expensive and elaborated 

High accuracy Extended pumping down times 

Fast response  

 

2.3 SURVEY OF LATEST KNOWLEDGE GAINED USING TDS INSTRUMENTS 

In this section, the application of the principal TDS techniques to studies with some relevance to the 

present project, either in technical or materials aspects, is surveyed. 
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2.3.1 TDS Applied to Surfaces 

Thermal Desorption Spectrometry (TDS) was first developed in the field of surface science [6], but it 

is now widely applied in other areas. Yamabuto et al. [7] studied the water-adsorbed states on 

silicon and silicon oxide surfaces. The authors used heavy water (D2O) to discriminate the water and 

hydrogen signals from the silicon surface signals. Furthermore, by the use of TDS the authors 

identified four types of hydrogen adsorbed states on the silicon surface and their corresponding 

activation energies. 

 

Yamabuto et al. [8] studied the effect of hydrogen fluoride (HF) during the cleaning process of silicon 

surfaces and the oxidation mechanism of HF over these surfaces. The authors describe the 

phenomena by using XPS as a complementary technique. It was observed that oxygen and water 

were consumed simultaneously, although the water trend did not change as a function of oxygen 

supply. Based on the observations, it was concluded that either the oxide film grows in an oxidizing 

environment, or etching occurs in low oxygen pressure. Accordingly, a model for the oxidation 

process was proposed. 

 

By studying similar materials, Shinichi [9] conducted a surface study of the interaction of Si(100) 

surfaces with water. The TDS study included heating and cooling cycles in which it could be seen 

how the water desorption peaks disappeared after the species was desorbed by heating. By 

performing these heating/cooling cycles within a UHV TDS environment, the authors revealed the 

reaction of Si(100) surfaces with water and hydrogen. Moreover, it was observed that the water 

peaks disappeared after surpassing the first cycle’s peak temperatures during the subsequent cycles. 

A direct relationship between the desorbed species and the hydrogen desorption was observed. 

  

Silvestri et.al [10] used UHV TDS to study the cleaning process performed on mass metrology 

standards in order to understand how their surface reactivity depends on storage conditions. Pure 

iridium was tested due to its probable implementation as a mass standard material instead of the 

traditional platinum–iridium alloy. The traditional method for cleaning and storing mass standards 

was evaluated [11] and a new procedure was suggested based on the authors’ findings. This study 

showed that due to the exposure to air, the surfaces adsorb water in considerable amounts to the 

point that the authors highlighted it as “largely contaminated”. To lesser extent ethanol and diethyl 

alcohol traces were also observed.  
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The cited examples of UHV TDS to studying surface states highlights the very high sensitivity of UHV 

TDS to small (compared to the bulk) amounts of species present in/on a sample. The study by 

Silvestri et al. [10] on surface water has particular relevance to this work, as will be seen in Chapter 

6. 

 

The instrument developed by SIlvestri et al. is an exemplar of the possibilities for application of UHV 

TDS given sufficient resources. It should be noted that, while the instrument developed at Griffith 

University as part of this PhD project dates as to its final design from 2011, the report by SIlvestri et 

al. was published in 2014. 

 

The SIlvestri et al. system consists of two principal parts: the analysis chamber and the load-lock 

system, all built in 316L stainless steel, the latter chamber having a sample transporter to avoid 

contamination of the analysis chamber. This is the approach taken by Smith and Scully [1] The 

analysis chamber is double walled to permit the circulation of a cooling liquid (e.g. liquid nitrogen) to 

minimize contamination from the chamber walls. Additionally, this chamber has in-built elements 

for heating by contact and radiation. Another notable feature is that the heating element for the 

sample is at the same time the sample holder and it is able to reach 1200 C. The instrument has two 

infrared lamps to permit the execution of flash-desorption TDS analysis, although the maximum 

temperature for this type of analysis is not mentioned on this publication [10]. As a quantitative tool, 

a high-resolution quadrupole mass spectrometer is integrated into the analysis chamber. Besides the 

features briefly described for the analysis chamber, a glove box is connected directly to the load-lock 

system, to permit the transfer of samples under an inert gas atmosphere, and it can be pumped 

down to a vacuum if necessary. Sensors of pressure and moisture are part of its control system. A 

motorized transported permits the interchange of samples between the glove box and the load-lock 

system. 

 

2.3.2 Bulk-Carrier Method 

Several instrument designs have been applied to the study of non-surface phenomena. Keeping the 

concept of the carrier gas method, Ryu [12] used TDS techniques with Gas Chromatography (GC) and 

helium as a carrier gas to study the inclusion of aluminium solute in high-manganese austenitic 

steels, aiming to improve their resistance to hydrogen-induced embrittlement. It was found that 
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aluminium increased the stacking fault energy of austenite, therefore the tendency for mechanical 

twinning was reduced, and as a consequence the formation of deformation-induced martensite was 

eliminated. Therefore, the resistance of these steels to hydrogen embrittlement was increased. TDS 

revealed the influence of aluminium in the interaction of hydrogen with reversible traps, such as 

grain boundaries or dislocations within the austenite. A direct relationship was found between the 

grain size and the hydrogen content, which was believed to depend on both the diffusivity and the 

solubility as affected by various trapping sites.  

 

Ryu et al. [13], in a different publication, studied transformation-induced plasticity (TRIP) steels using 

the same instrumentation. The authors found by performing TDS experiments that austenite traps 

hydrogen more effectively than grain boundaries and/or dislocations in ferrite. The trapping was 

considered as reversible since the desorption temperature was around 100 C. The fact that during 

deformation this type of steel undergoes a phase transformation from retained austenite to 

martensite results in an alteration in the trapping condition of the inherited hydrogen, making it 

more mobile within the lattice. It was concluded that this effect was more detrimental to the 

mechanical properties compared to steels without the austenite transformation. 

 

The thorough experimentation developed by Ryu and briefly described above shows that TDS 

analysis performed via the carrier gas method is a powerful tool to undercover the trapping 

mechanism in industrially significant steels. In this instance, the two steels studied, TRIP and TWIP 

steels, are used in the automobile industry due to their high energy absorption, toughness and 

fatigue strength [14], and it is certain that any significant improvement in the resistance to hydrogen 

embrittlement of such alloys in an aqueous environment is worthwhile from the economic and 

safety points of view.  

 

Solano-Alvarez et al. [15] analysed the cracks formed in martensitic bearing steels due to heat 

treatment. Microscopic cracks were formed on purpose to study their contribution to hydrogen 

trapping, due to its possible applicability to the study of inclusions that have weak interfaces with 

the steel matrix. Firstly, the authors compared two heat treatments: the standard recommended for 

52100 steel, which does not form micro-cracks and has some cementite and spheroidal proeutectoid 

carbides in its microstructure and renders a 737 HV30 hardness; and another with higher 

austenization temperature (1040 C) which promotes the formation of fine carbides with no 
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cementite and a 751 HV30 hardness. XRD experiments were done to distinguish the amount of 

retained austenite within the samples for the two heat treatments briefly described before. The 

difference in the austenization temperature led to 0.05 retained austenite for the standard method 

and a corresponding 0.12 for the cracked samples. The authors performed electrochemical hydrogen 

charging of the samples for 7 hours to achieve partial charging through the sample thickness and for 

120 hours to achieve complete saturation. For the sample prepared with the first electrochemical 

charging, the TDS tests were performed up to 400 C at 100 C h-1, then recharged following the 

same electrochemical conditions, subjected to TDS again, and finally charged and TDS tested for the 

last time. The aim of this treatment was to compare the influence of retained austenite 

decomposition. The results for this experiment proved that there was retained austenite in the 

cracked samples and that this retained austenite was decomposed after the first TDS cycle, despite 

the fact that the same sample was electrochemically charged under the same conditions. 

Furthermore, the retained austenite was only observed (by the presence of a peak above 250 C) on 

the cracked samples. In contrast, the saturated samples were electrochemically charged for 120 

hours and a TDS test was performed under similar experimental conditions. The remarkable results 

of these tests were explained based on the fact that when austenite is in equilibrium with ferrite it 

has more solubility for hydrogen, while the opposite is true for the diffusivity. So, during heating the 

hydrogen escapes from the ferrite and the austenite acts as a source of more hydrogen. This process 

does require the decomposition of the austenite so the austenite observed as a second peak after 

250 C is just a reflection of the remaining austenite. Finally, the authors estimated the binding 

energy to the micro-cracks formed in the matrix to be 200 kJ mol-1, implying that these are strong 

irreversible traps for 52100 steel, and that the atomic hydrogen within them becomes molecular 

losing it damaging character, therefore can hardly in practice de-trap and induce hydrogen related 

embrittlement in the material; in fact, the authors state that these traps can be a sink for atomic 

hydrogen coming from weak-reversible traps such as dislocations or grain boundaries. 

 

Asahi et al. [16], used a coupled GC system to study the addition of vanadium as a trapping agent for 

hydrogen. The authors tested samples with and without vanadium. The TDS results showed that as 

the vanadium percentage increased, the amount of hydrogen trapped increased accordingly. 

Additionally, the authors were able to quantify the hydrogen activation energy for this trap as 33 kJ 

mol-1 by using the procedure described in section 1.7 .They classified the trap as energetically 

equivalent to a microvoid-type trap. The TDS also provided enough information to infer that the 

added vanadium forms vanadium carbide precipitates, despite the fact that no direct tests were 

performed on this study. Both qualitative and quantitative information was obtained from the TDS 
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analysis. The latter came from peak analysis using linear regression and the Polanyi-Wigner 

equation, while the former was based on simple observations of the TDS spectra aided by the 

control of the sample composition of the samples subjected to study. 

 

The experimental set-up for the three studies just described uses a GC to detect hydrogen during 

TDS. The methodology and data analysis of the cited articles are far from ambiguous, demonstrating 

that this set-up is a valuable tool for thermal desorption analysis, however authors like Bernal et 

al.[17] describe the operation of TDS coupled with GC as limited when more than one product is 

simultaneously desorbed. Moreover, the author describes the quantitative or kinetic analysis as 

difficult. This is just one of the multiple aspects required for a good operational procedure of the 

components involved to obtain accurate and reliable results. 

 

Other systems using the gas carrier method have been used for different applications. Fernandez et 

al. [18] developed an innovative set-up that coupled the advantages of TDS with a differential 

scanning calorimeter (DSC) by the use of argon flowing as a carrier gas for the study of metal 

hydrides. Bergers et al. [19] modified a traditional hot solid extraction analyser and adapted a 

compact quadrupole mass spectrometer to study of the hydrogen embrittlement of high-strength 

steel at ThyssenKrupp Steel Europe AG. The authors describe their instrument as a simple and 

efficient solution for the determination of diffusible hydrogen in steel. Maciejewski et al. [20] 

coupled a thermo-analyser (TA) with a QMS to perform stoichiometric and compositional 

identification of unknown products. The authors justified the use of a MS detection unit by its ability 

to continuously monitor multicomponent systems and reactions of unknown gaseous products. A 

less expensive set up was presented by Castro et al. [3] for measuring the kinetic parameters and 

desorption from hydride forming alloys using a pressure gauge and flowmeter which had been 

previously calibrated for the desorption of hydrogen from solid samples 

 

2.3.3 Bulk-UHV 

The other technique widely used is the ultra-high vacuum method, described in 2.2.2. In this section, 

some achievements made using this type of instrumentation will be reported, while observing its 

limitations and advantages. Additionally, a further understanding of its functioning will be provided 

as well as a mathematical approach that facilitates understanding the experimental analysis 

implemented in later chapters.  
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By using TDS the solubility of hydrogen in steels can be obtained. A methodology has been 

established to determine the apparent diffusivity, ���� (�), and the hydrogen lattice diffusivity, 

��(�),  using TDS examination. Thomas et al. [21] studied the hydrogen diffusivity in ultrahigh-

strength AERMET 100 steel using the same instrument developed by Smith and Scully [1] to study 

hydrogen embrittlement of aluminium and its alloys. For the calculation of lattice diffusivity, thin 

samples were prepared and their surfaces were ground to 600-grit finish. Each sample was 

electrochemically charged to hydrogen saturation in an alkaline solution of Ca(OH)2 for 60 hours. The 

measurement technique was to detect the incremental increase of the hydrogen partial pressure 

pH2- via a coupled mass spectrometer within the UHV chamber, while the specimen was held at a 

fixed temperature. The process was repeated for different temperatures between 60 C and 200 C. 

From the desorption spectrum thus obtained, the total hydrogen that leaves the sample can be 

calculated by integrating the curve pH2 versus time, once the hydrogen background measured for 

uncharged samples has been subtracted. The hydrogen diffusivity can be calculated using Equation 

2.4 [22], which is valid for thin specimens, assuming that the diffusivity within the sample does not 

depend on hydrogen concentration: 

 

 
�� =

0.0492. ��

��/�

 
Equation 2.4 

 

 

where: 

��/� Time required to egress one half of the desorbed species  [�] 

(Figure 2.1) 

� Sample thickness [�] 
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Figure 2.1 Measured H2 pressure and normalized-total H concentration egressed vs time for AERMET 100 at 120 C, 
showing the determination of t1/2 used in Equation 2.4 [21] 

By reproducing this measurement over an appropriate range of temperatures, as stated before, the 

apparent temperature-dependant diffusivity, (T), can be estimated by  

 

 
���� (�) = ���

��
��

���

��
�
 

Equation 2.5 

 

where: 

���� (�) Hydrogen apparent diffusivity [
���

�
] 

�� Pre-exponential coefficient [
���

�
]  

��
���

 
Apparent activation energy for lattice diffusion [

�

���
] (trap-affected 

diffusion) 

 

 

Equation 2.5 is an Arrhenius type equation and, by linear regression of this equation, the apparent 

activation energy for lattice diffusion, E�
���

, can be easily calculated by the slope of the straight line 

ln�� (�) �� 1
�� .  
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It is important to mention that Equation 2.5 is valid for first order desorption and, therefore, is not 

surface-reaction limited, instead the phenomenon is controlled by the hydrogen detrapping and 

diffusion [21]. If the process were surface-reaction limited, the process would be governed by a 

possible recombination of hydrogen at the surface. Examples of surface reaction process are 

desorption from porous catalyst particles, readsorption of molecules, when the diffusion process is 

significant enough to limit the mass transfer, when the gradient concentration is considerable [23] or 

retrapping of a particles before it escaped at the surface [24]. 

 

If the value of the lattice diffusivity is needed, a similar approach can be followed at higher 

temperatures. If it is assumed that at high temperature trapping no longer dominates the hydrogen 

dynamics, the hydrogen lattice diffusivity, ��,  can be calculated. In this case diffusion is governed by 

the lattice migration energy, �� . Analogous to the expression for ���� (�), 

 

 
�� (�) = ���

��
��
��

�
 

Equation 2.6 

 

 

Also, it is worth mentioning that Thomas et al. [21] performed the electrochemical charging of the 

samples at two different electrochemical potentials, obtaining similar results for  

��
��� when performing the procedure described above, therefore proving good reproducibility in the 

method. 

 

As explained in section 1.7 as the heating rate increases, the peaks of the TDS spectrum are 

displaced to higher temperatures. A correlation between the heating rate, 
��

��
 [

�

�
], the desorption 

peak temperature, TP, and the activation energy for hydrogen desorption, Ed is conveniently 

established. The same methodology has been applied for the kinetic measurement of hydrogen trap 

states in Ultrahigh-Strength AERMET 100 steel by Li et al. [25]. The values obtained for Ed give an 

estimation of the binding energy for hydrogen trapping for each peak of the desorption spectra, 

provided the theoretical restrictions for Equation 2.7 are fulfilled (Table 2.2): 
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� ��� �

��
��
��

� ��

� �
1
��

�
= −

��

�
 

Equation 2.7 

 

 

Additionally, the authors note that this relation is valid only when the model applies in which the 

activation-energy barrier for trapping is Em, while that for detrapping from the trap interstitial site is 

the sum of Em and Eb.(Equation 1.4). By applying a linear regression using Equation 2.7 the activation 

energy for hydrogen desorption can be obtained once different heating rates have been applied to 

the sample under repeatable and reproducible conditions. 

 

Li et al. determined the overall hydrogen trap binding energy, Eb, using the values previously 

obtained by Thomas et al. [21] for the determination of ����(�) in Ultrahigh-Strength AERMET 100 

steel. Li et al. use the theory established by Oriani [26], resulting in Equation 2.8, for the estimation 

of the overall H-trap binding energy Eb. The author claims that this relation can be applied assuming 

low reversible trap-site coverage and low lattice H solubility.  A simplification of Equation 2.8 can be 

made, since the fractional trap-site coverage, Θ, is far less than unity, and by assuming a single 

dominant trap state that affects Dapp. Hence, the equation can be rewritten as a linear regression of 

Equation 2.9 that allows the estimation of Eb via Equation 2.10.  

 

 ����(�) =
��(�)

1 + ∑
��

�

��
. �

�
��

�

���.�����
� �

�

 Equation 2.8 

 

 

 ����(�) =
��(�)

1 +
��

��
. �

�
��
�� �

 Equation 2.9 

 

   

 
�� �

��(�)

����(�)
− 1� = �� �

��

��

� +
��

��
 

Equation 2.10 
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Table 2.2 summary of the work of Li et al. and Thomas et al regarding the methodology applied for the utilization of TDS 

Equations Nomenclature Assumptions/Conditions 

�� =
�. ����. � �

��/�

 

B 

 

 

Specimen thickness 

 

 

 Thin specimens 

 For each temperature the 

DH has a specific value 

 DH independent of the CH 

profile 

 The diffusivity determined 

is valid in a selected range 

of temperatures 

 The time after H-charging is 

minimum compared to the 

charging time, hence the 

loss of diffusible hydrogen 

is minimum 

 

��/� Time needed to egress one-

half of the hydrogen contained 

in the sample 

 

 

���� (�) = �� �
��

��
���

��
�

 

����  H apparent diffusivity  Surface-reaction limited 

 ���� is temperature 

dependent.  

 ��  Pre-exponential Coefficient 

 

��
���

 Apparent activation energy for 

lattice diffusion or trap-

affected activated energy 

�� (�) = �� �
��

��
���

 

�� 

 

Lattice H diffusivity  ���� approaches to ��  at 

high temperatures. 

(absence of trapping)  �� Pre-exponential coefficient 

 

��  Activation energy for lattice 

diffusion (absence of trapping) 

� ��� �

��
��
��

� ��

� �
�

��
�

= −
��

�
 

��

��
 

Temperature heating rate  The specimen is 

homogenously charged with 

hydrogen. 

 Ed = Em + Eb 

 Em: Activation Energy for 

Lattice Diffusion 

 Eb: Overall Hydrogen-trap 

�� Peak temperature 

R Gas constant 
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Equations Nomenclature Assumptions/Conditions 

 

 

 

 

Ed = Em + Eb 

 

��  Activation energy for 

hydrogen desorption 

(detrapping energy from the 

trap to interstitial) 

Binding Energy 

 Hydrogen detrapping and 

lattice diffusion are the 

dominant process during 

the desorption process 

 The activation-energy 

barrier for trapping equals 

Em 

 Analysis must be done on 

every desorption peak 

 

��  Activation energy for lattice 

diffusion 

 

�� 

 

Overall hydrogen-trap binding 

energy 

����(�) =
��(�)

� + ∑
� �

�

� �
. �

�
��

�

���.���� �
� �

�

 

 

���� Apparent H diffusivity  Temperature range 

dependency 

 Valid for Steels 

 Low  reversible-trap-site 

 Low H-solubility 

 

��(�) 

 

 

Diffusivity of the lattice 

migration 

 

��  

 

Number of reversible 

sites/unit volume 

 

�� 

 

Number of interstitial sites 

 

Eb 

 

Overall hydrogen-trap binding 

energy 

 

��

  

 

H fractional trap-site coverage  

 

� i-trap sites 

 

����(�) =
��(�)

� +
� �

� �
. �

�
��
�� �

 

���� Apparent H diffusivity  Temperature range 

dependency. 

 Valid for steels 

 Low  reversibility trap site 

 Low H-solubility 

 �� ≪ 1 

��(�) Diffusivity of lattice migration 

�� �
��(�)

����(�)
− �� = �� �

� �

� �

� +
��

��
 

��  

 

Number of reversible 

sites/unit volume 

 

 Temperature range 

dependency 

 Valid for Steels 

 Low  reversibility trap site 
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Equations Nomenclature Assumptions/Conditions 

�� 

 

Number of interstitial sites 

 

 Low H solubility 

 �� ≪ 1 

 ���� and ��(�) are 

measured in the same 

temperature interval 

  

 

Eb 

 

Overall hydrogen-trap binding 

energy 

 

 

The utilization of Equation 2.10 requires the use of the values obtained previously by Thomas et al. 

for ���� and an iterative estimation of ��(�) written as an Appendix in the same publication. 

 

The thorough explanation provided by Li et al. and Thomas et al. is noteworthy. The authors 

provided a detailed methodology of the TDS technique in conjunction with mathematical analysis 

providing further understanding of the hydrogen trapping phenomena in AERMET100 steels. 

Following these TDS studies it is known that: 

1. Due to the reduced apparent diffusivity of hydrogen in AERMET100, its resistance to Induced 

Hydrogen Embrittlement is improved when compared to traditional high-strength steels, 

such as 4130. 

2. A desorption peak associated with M2C is identified through TDS analysis. From subsequent 

measurements, its Eb is 11.4–11.6 kJ/mol and it is considered the main source of reversibly 

trapped hydrogen. By an adequate heat treatment this internal source of hydrogen may be 

eliminated and this is evidenced by later TDS experiments. 

3. The energies calculated via TDS helped to identify transgranular hydrogen embrittlement in 

peak-aged AERMET100. 

 

Besides the pointed observations for AERMET100, the presented work proves the effectiveness of 

the use of thermal desorption analysis in UHV to uncover the kinetics of hydrogen in steels. 

Additionally, it demonstrates a robust methodology to tackle the thermal desorption analysis in 

steels, both theoretically and experimentally. 
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Continuing with the scrutiny of the different TDS instruments using the UHV method, Perez Escobar 

et al. [27] studied the effect of deformation on TRIP steels. By performing TDS, the authors realized 

that there is correlation between the reduction in intensity of the peak observed around 400 C and 

the increase in deformation percentage. Given that the fraction of retained austenite decreases with 

deformation, the authors infer unequivocally that this peak is directly related to the retained 

austenite present in the samples. The reasons why it was expected that this phenomenon was 

distinguishable through TDS of TRIP steels are that it is well known that the solubility of hydrogen in 

(retained) austenite is higher than in ferrite or martensite and that these steels have retained 

austenite as a constituent phase[14]. The authors performed additional XRD, DSC and SEM 

experiments to confirm the qualitative inferences from the TDS spectra and an appropriate 

application of the theoretical background. 

 

Wei and Tsuzaki [28] studied hydrogen trapping by titanium and titanium carbides via UHV TDS and 

TEM on ultra-pure steels (0.05C-0.20Ti-2.0Ni). Through different quenching and tempering 

combinations, the author promoted the growth of TiC precipitates with different sizes and then 

compared these treated steels to the as-received steels. The authors found that the amount of 

hydrogen is directly related to the size of the TiC particles. Additionally, a thorough characterization 

of the coherence of the TiC precipitates was done by TEM techniques. By combining these two 

techniques the author concluded that, generally, the (semi)coherent TiC interface does not trap 

hydrogen in an enriched argon atmosphere, but does trap hydrogen if subjected to electrochemical 

hydrogen charging processes. Furthermore, as coherency was lost due to the growth of the TiC 

precipitates, the TDS spectra showed that the hydrogen trapping activation and binding energies 

increased accordingly. Therefore, it was concluded that an incoherent TiC particle is not able to trap 

hydrogen during electrochemical charging due to its high energy barrier (at room temperature), 

while it can absorb hydrogen during high temperature heat treatment due to its high binding energy. 

TiC precipitates were also examined by UHV TDS by Takahashi et al. [29], in this study, atomic probe 

tomography was implemented as the main experimental technique. The authors claimed that this 

was the first atomic-scale direct observation of deuterium atoms in hydrogen trapping sites related 

to TiC. TDS was used basically as a qualitative tool to assess the hydrogen trapping behaviour of TiC 

precipitates formed during gas phase charging at 300C for 1 hour in 1 atm H2. A broad desorption 

peak was observed at around 200 C in the tempered sample, instead of the original two peaks, one 

at room temperature and another at 400 C, in the as-quenched sample. According to the authors 

this distinctive difference suggests that the formation of TiC precipitates after annealing is related to 

the desorption peak at 200 C 
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To conclude, several additional studies of precipitates in a steel matrix have been conducted. Either 

qualitatively or quantitatively, UHV TDS has contributed to the characterization of the hydrogen 

trapping behaviour of these precipitates in steels of various grades [30-33]. 

 

Lobo et al. [34] have developed a novel technique, named molecular beam thermal desorption 

spectrometry (MB-TDS). The authors claim that the new method represents an improvement of up 

to 20% in the signal/noise ratio and improved accuracy of the measurement of hydrogen desorbed 

from solid samples, so that calibration via a chemical standard is not needed anymore. The system 

consists of a UHV chamber with a quadrupole mass spectrometer and a home-made molecular beam 

effusive source located at the sample position.  The use of low density molecules for the molecular 

beam and the fact that in UHV the molecules are far apart promote the motion of the molecules at 

approximately the same velocity, with few collisions.  This means that the effusion beam is 

geometrically defined, as is the fraction detected by the QMS. 

 

The damage of steels by the presence of hydrogen is closely related to the way in which the 

hydrogen is dissolved, diffused, and trapped. The underlying aim of the project is to understand the 

trapping of hydrogen at lattice defects within steels. Hydrogen trapping has been studied using 

numerous experimental techniques, such as tritium autoradiography, hydrogen microprint 

technique, positron lifetime spectroscopy, permeation and TDS, among others. The TDS technique 

provides an accurate method to estimate the diffusivity and trapping energies involved during the 

interaction of hydrogen with steel. 

 

Thermal desorption spectrometry has been widely used over decades to study the kinetics of 

hydrogen desorption in steels and other materials. It is certainly a flexible, sensitive and selective 

technique that has contributed significantly to the understanding of the hydrogen embrittlement 

phenomenon. Independently of the particular variation of TDS technique used, it is important to 

mention the versatility of the technique to tackle the hydrogen related scenarios being analysed on 

the surface and non-surface scopes of science. 
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CHAPTER 3 THERMAL DESORPTION SPECTROSCOPY – 

INSTRUMENT DESIGN 

3.1 DESIGN PHILOSOPHY 

The thermal desorption spectrometer apparatus developed for this project was designed and built at 

the Hydrogen National Reference Laboratory at Griffith University. Its concept was focused on the 

detection of hydrogen traces down to 1 ppm and, equally important, uncovering the complex kinetic 

mechanism of hydrogen trapping phenomena in medium to high strength steels frequently used in 

the manufacturing of turbogenerators. However, its use can be extended widely to different 

materials, the main limitations being the sample size, its state of matter and/or its hydrogen content 

(Figure 3.1). From the sample characteristics standpoint, this instrument can accept solid samples, 

with a maximum nominal length of 30 mm and, additionally, gaseous samples that can be injected 

into the system via its self-calibrating rig which ideally –but not restrictively - should be used for 

calibration purposes only. Therefore, if an appropriate balance between the sample properties can 

be attained, the final user of the instrument can take the highest advantage of its superb flexibility. 

 

Figure 3.1 Sample subjected to analysis - Limitations 

The instrument has been designed to provide a user-friendly interface. In the first place, the 

convenience and simplicity to run the samples using the instrument was considered, thus the 

instrument has been designed to allow the user to watch the sample throughout the process, 

including, the loading of the sample into the loading chamber and also, the critical, immersion of the 

sample into the analytical chamber. As a consequence the sample can be consistently located in the 
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analytical chamber avoiding undesirable uncertainty on the temperature signal due to non-

repeatable conditions. Likewise, the instrument concept has included the possibility to calibrate the 

TDS by using its own calibration rig which allows the self-calibration of the RGA in a fast, reliable and 

simple manner. Finally, the user-interface of the instrument has been semi-automated by the 

implementation of a Labview® virtual instrument which can control the diverse components of the 

TDS, plot real-time graphs and record the acquired data for further analysis. 

 

The accurate quantification of the analyte gas during TDS examination is a key feature of the 

instrument design. The instrument has been designed to meet the accuracy and repeatability 

needed to perform thermal desorption analysis. The combination of the sensitivity of MKS 

Microvision 2® residual gas analyser (RGA) with the reliability of the EUROTHERM 3208 ® 

temperature controller, in addition to the utilization of adequate vacuum practices, provides a 

consistent and robust instrument for TDS tests., and under appropriate sample manipulation, an 

exceptional TDS spectrum of the samples subjected to study. 

 

Figure 3.2 Design Philosophy implemented throughout the design and construction process.  
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3.2 RELATION TO EXISTING INSTRUMENTS 

Taking into account the general characteristics described in CHAPTER 2, the instrument designed for 

this work falls into the category of UHV-TDS instruments. Two of the instruments presented 

previously stand out among the others: Smith and Scully’s [1] and Silvestri’s [2].  

 

It must be stated that the designed instrument is an improved, self-calibrating version, of the one 

developed by Smith and Scully [1] for the study of hydrogen embrittlement susceptibility of Al-Li-Cu-

Zr alloys. The same instrument was used thereafter by Li et al. [3], Thomas et al. [4] and Dogan et al. 

[5] for the study of hydrogen trapping and the embrittlement predisposition of ultra-high strength 

steels.  

 

From the structural standpoint, there is a major change compared to Smith’s instrument. Contrary to 

Smith’s, the design displayed in this work is horizontal. Not only did this change help with the 

increased pumping speed capacities (bigger flanges diameter) but also the inclusion of a magnetic 

linear loading device for the samples, which was available in the lab, allows consistent and 

repeatable positioning of the sample within the analysis chamber. Moreover the utilization of a split 

furnace alongside quartz furnace tube permit monitoring of the introduction of the samples 

throughout the entire process.  

 

From the functional point of view, several improvements have been made: i) The pumping speed on 

the analytical section has been increased by 44% based on the nominal N2 pumping speed of the 

turbo-molecular pumps (TMP) installed, ii) The base pressure attained in the loading section prior 

the immersion of the sample within the analytical chamber has been reduced by 3 orders of 

magnitude, allowing a cleaner and faster sample insertion. Iii) The ionization gauges and the RGA are 

aligned at the same axial distance from the main TMP, it avoids the uncertainty of differential 

pumping between these units, which work together in the calibration process and in the routine set-

up conditions prior tests, iv) the titanium sublimation pump (TSP) has a higher sublimation area 

which increases the pumping capacity considerably. Furthermore, this pump was moved before a 

divisive gate valve, which isolates or throttles the TMP and the TSP during TDS analysis. This 

modification improved the control of the pumping flow of gases during tests.  
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The calibration of the system is a key feature for the flexibility of the instrument. A calibration rig has 

been incorporated as integral part of the TDS system. This rig permits the injection of low pressure 

gas doses of calibrating gases directly into the UHV atmosphere.  

 

Alternatively, the instrument presented by Silvestri [2] for the analysis of TDS experiments on iridium 

for mass metrology purposes represents an interesting advance on the treatment of the sample 

prior TDS testing. Certainly, having a glove box incorporated to the TDS, as a system, helps to have 

complete control of the status of cleanliness of the samples subsequently subjected to TDS analysis. 

This feature sets a track for improvement of the instrument presented on this work. It is worth 

remarking that the work published by Silvestri dates 2014, when the instrument presented here was 

already completed and operative. 

 

Both designs compared above have presented good results in their respective fields when observing 

their advantages and disadvantages. Certainly the start point for the development of the instrument 

presented in this work was based on Smith’s research and several improvements have been applied, 

however, it is worth highlighting the improvement presented later on by Silvestri et.al. Future 

improvement of the instrument presented here can be achieved by following Slvestri’s design and, 

of course, from future research work on the utilization of thermal desorption spectroscopy as a 

valuable research tool for scientists in general. 

 

3.3 DESIGN SPECIFICATION 

Thermal Desorption Spectroscopy allows one to identify the absorbed and adsorbed species from a 

particular matrix when a linear heating ramp is applied upon it. The convenience of the method is 

increased when a quantifier tool, such as mass spectrometer, is coupled integrally. Then, the 

sensitivity is the key feature of the technique, given that the evolution of a particular desorbed 

specie can be tracked as a function of temperature, providing valuable information of the kinetics of 

the phenomena. Additionally the technique can be used as a concentration analyser when the 

quantifier tool is properly calibrated. 

 

With the instrument developed for this project, solid and gaseous samples can be analysed for the 

determination of the kinetics and concentration of hydrogen as a desorbed analyte. The system 
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allows efficient desorption from solid samples and an accurate determination of hydrogen ca be 

performed by the Residual Gas Analyser (RGA) used as a quantifier. The instrument has been tested 

satisfactorily with commercial hydrogen calibration standards down to 1 ppm, normally used on hot-

extraction based instruments for the quantification of hydrogen from steels.  

 

Schematically the instrument is comprised by three main parts: the analytical chamber, the loading 

chamber and the hydrogen calibration rig. The main components are depicted on Figure 3.3 

 

Figure 3.3 Schematic diagram of the thermal desorption spectroscopy system 

 

The analytical chamber is under high vacuum and it is where the sample is desorbed by the 

application of a linear heating ramp while the RGA is detecting the desorbed species continuously. 

The loading chamber is the interface between the environment and the analytical chamber, its main 

function is to provide a clean and fast sample insertion into the analytical chamber. The calibration 

rig is used to track the behaviour of the RGA by injecting pure hydrogen into the analytical chamber, 

as a consequence, the calibration times can be minimized and performed on a regular basis 

depending on the user’s schedule 
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The instrument can be operated by a single user while maintaining repeatability and consistency 

over the entire process. Although the testing process is not fully automated, the user is able to load 

the sample within the analytical chamber and a Labview ® code is set to control and monitor the 

instrumentation afterwards. 

 

During the execution of this project and based on its scope, it was stated that steel samples were to 

be tested on the instrument, however, there is no other limitation rather than sample size and 

hydrogen content for TDS tests to be performed adequately. Various steel samples have been tested 

satisfactorily for the study of hydrogen kinetics within the iron-carbon matrix: quantification of 

hydrogen concentration, trapping energy calculations, surface related issues have been measured 

satisfactorily. 

 

3.4 DETAILED MECHANICAL DESIGN 

This state-of-the-art instrument is depicted in the Appendix A. The mechanical characteristics of its 

components and their interaction as a system are discussed on this section. Based on its 

functionality, the device comprises three zones: the analytical chamber, the loading chamber, and 

the calibration rig. 

3.4.1 Analytical Chamber: 

3.4.1.1 Description: 

The analytical section is the most important section of the TDS instrument and can be observed on 

detail in Figure 3.4. This chamber operates at ultra-high vacuum regime and, therefore, special care 

must be taken in order to obtain a suitable air-tightness in this vessel. The analytical chamber is 

assembled by using standard 316 stainless steel components in order to minimize the desorption of 

gases from its inner walls. Stainless Steel is the preferred material for the UHV systems, due to its 

high yield strength and formability. Type 304 and 316 are among the most used grades [6].  

 

For air-tightness, ConFlat® flanges with oxygen free copper gaskets (OFHC) as a sealing mechanism 

are used. This flange design is widely used when UHV is required [7] and consists of a knife-edge seal 

that effectively restricts the leakage of gases from the atmosphere and, as a consequence, 
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guaranteeing the UHV chamber sealing. It is important to use oxygen free gaskets, because if oxides 

are present in the gasket material they can react with residual hydrogen at the interior of the UHV 

chamber during baking out operations. This reaction could generate voids in the material and, as a 

consequence, undesirable, leaky points [6]. Table 3.1 shows the most common materials used in 

vacuum technology as a function of the vacuum regime required.  

Table 3.1 Useful range of materials for vacuum vessels and pipes [7] 

 Pressure (mbar) 

10+3-1.3 1.3 – 1e-3 10-3 – 10-5 10-5 – 10-7 10-7 – 10-16 

Iron, steels GOOD GOOD GOOD Only after degassing Only Stainless Steel 

Cast Iron, 

Copper, 

Aluminium 

GOOD GOOD BAD BAD BAD 

Rolled Copper or 

alloys 

GOOD GOOD GOOD Only after degassing Only OFHC Copper 

Nickel and alloys GOOD GOOD GOOD GOOD GOOD 

Aluminium GOOD GOOD Only after degassing Only after degassing Not recommended 

Glass, quartz GOOD GOOD GOOD GOOD with degassing Only thick-walled 

Ceramics GOOD GOOD Only with Vitreous 

Coating 

Only with Vitreous 

Coating 

Only special types 

Mica GOOD GOOD Only after severe 

degassing 

Only after severe 

degassing 

Not recommended 

Rubbers GOOD GOOD Only degassed BAD BAD 

Plastics GOOD Only Special Types Only Special Types Only Teflon, Araldite Not recommended 

 

The ultra-high vacuum regime is largely obtained by the continuous operation of a 220 l/s (H2) 

HiPace300 ® (Model PMP03989) turbo-molecular pump-(item 1) assisted by a Adixen ACP15 dry 

primary backing pump. Turbo molecular pumps are preferred for the operation at UHV regime 

because their pumping speed is constant over the entire working pressure range [8]. This pumping 

speed decreases above 1x10-3 mbar which is the breaking point between molecular flow and laminar 

viscous flow within the pump. Another advantage that TMPs have is the high compression ratio for 

heavy molecules. It allows a status of virtual hydrocarbon-free vacuum in the chamber and the 

convenience of connecting a backing pump directly at the outlet of the TMP [9]. It must be taken 

into account that having a constant pumping speed in the UHV regime constitutes a major 

advantage during the data analysis of the raw spectra obtained via TDS. It implies that the hydrogen 

desorption from the sample during experimentation is not dependent on the pumping speed of the 

system, on the contrary, the desorption spectrum will depend principally on the partial pressure of 

the desorbed species leaving the sample. Additionally, the high compression ratio for H2, 9x10+5 as 

reported by the manufacturer [10] of the TMP installed, has permitted the attainment of an ultimate 

base pressure of 2x10-10 mbarH2 on the system described herein. 
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Complementary to the TMP, the backing pump is an oil-free multi-stage roots primary pump unit. 

Therefore the possibility of hydrocarbon contamination onto the UHV system is supressed, and as it 

was mentioned before, is connected directly to the outlet of the TMP. 

 

In order to attain UHV, the pumping system is complemented by a VACOM® Titanium Sublimation 

Pump (TSP) (item 2). This TSP has three titanium filaments in order to extend the replacement time. 

A thin layer can be deposited by sublimation of a titanium filament over the inner walls and this 

layer can pump gases until the point of saturation, at this point the layer must be renewed by a 

similar sublimation process. The inner walls can be cooled either by flowing water or liquid nitrogen 

(LN2). According to O’Hanlon [6], the pumping effect of the deposited layer differs from gas to gas. 

Active gases (carbon oxides, oxygen, water vapour and acetylene) are pumped with high sticking 

coefficients; for these gases the cooling does not have a strong effect. For intermediate gases 

(hydrogen and nitrogen) pumping effect is increased if the sublimation pump is cooled below room 

temperature. This is explained on the basis that their sticking coefficient is altered significantly as a 

function of the cooling media. Finally, there are inactive gases that are not affected by the gettering 

effect of the TSP. Harra [11] summarized the effect on the sticking coefficient for different gases. His 

results are presented in Table 3.2. 

 

Table 3.2.  Sticking Coefficients and Quantity Sorbed for Various Gases on Titanium films (Adapted by Harra [11]) 

 Initial Sticking Coefficient Quantity Desorbed a 
(x10+5 molecules/cm2) 

Gas (300 K) (78K) (300K) (78K) 

O2 0.8 1.0 24 --- 

CO 0.7 0.95 5-23 50-160 

CO2 0.5 --- 4-24 --- 

H2O 0.50 --- 30 --- 

D2 0.1 0.2 6-11 b --- 

N2 0.3 0.7 0.3-12 3-60 

H2 0.060 0.40 8-230 b 7-70 

He 0 0 --- --- 

Ar 0 0 --- --- 

CH4 0 0.05 --- --- 

     
a.  For fresh film thicknesses > 1015 Ti atoms/cm2 
b.  The quantity of hydrogen or deuterium sorbed at saturation may exceed the number of Ti atoms/cm2 in the fresh film through 

diffusion into the underlying deposit at 300 K  
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In the present study, based on experience, the TSP is activated after every single heating cycle for 

ten minutes at 46 Amperes while water is flowing through the inner walls of the TSP and, at the 

same time, the furnace it is at maximum temperature. The procedure has been proved successfully 

aiming to reach an ultimate base pressure down to 2x10-10 mbarH2 when at room temperature. The 

use of the later pump is a crucial feature to get consistent and repeatable base pressure between 

analyses.  

 

The UHV status of the chamber is continuously monitored by two ionization gauges: a Cold Cathode 

Vacuum Gauge (item 5) and a Nude Hot Cathode Ionization Vacuum Sensor (item 6). The units are 

connected to the MKS ® 937B digital combination vacuum gauge controller and the reading from the 

inner UHV atmosphere can be corrected directly to hydrogen measurements. The attainment for the 

corrected pressure reading is done by the use of the correction factors for sensitivity provided by the 

manufacturer (Table 3.3 ).  

Table 3.3 Sensitivity factor relative to Nitrogen calibration. [12] 

Gas Symbol Relative correction facto to N2 

Air --- 1.00 

Argon Ar 1.29 

Carbon Dioxide CO2 1.42 

Deuterium D2 0.35 

Helium He 0.18 

Hydrogen H2 0.46 

Krypton Kr 1.94 

Neon Ne 0.30 

Nitrogen N2 1.00 

Nitrogen Oxide NO 1.16 

Oxygen O2 1.01 

Sulfur Hexafluride SF6 2.50 

Water H2O 1.12 

Xenon Xe 2.87 

 

Both sensors performed linearly and consistently in the pressure range of interest (1x10-7mbarH2 , 

2x10-10mbarH2). Therefore, and to avoid possible interference between them, the cold cathode was 

selected to preferably monitor the UHV chamber, based on: i) it does not present X-ray limitation 

and have little electron-stimulated desorption or thermally induced wall outgassing, ii) no filaments 

to be changed in case of failure [6].  
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Likewise, a Residual Gas Analyser (item 8) measures the partial pressure changes based on the mass 

to charge ratio of the diverse species present within the chamber. The RGA represents the most 

important feature of the analytical chamber and it will be explained in detail in the next subsection.  

 

 

Figure 3.4 Main parts displayed in the Analytical Chamber. 

  

In order to obtain a linear thermo-activation of the samples subjected to TDS analysis, it is necessary 

to produce a stable and consistent linear heating ramp during the analysis of the samples. A 

horizontal split furnace equipped with a Eurotherm® 3204 temperature controller supplying 

Proportional-Integral-Derivative parameters (PID) has been selected for this purpose. The PID loop-

control is monitored via a K-type thermocouple located in the sample depository assembly which is 

symmetrically positioned halfway along the length of the furnace. Therefore this thermocouple 

represents the actual temperature of the sample subjected to analysis given that it is in close 

proximity to the sample itself during TDS ramping (see Figure 3.5). Additionally, the transparency of 

the quartz tube allows the operator to locate the sample consistently at the same spot giving 

repeatability between different tests (Figure 3.5).  
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Figure 3.5 Schematic location of the Sample into the Analytical Chamber 

In order to get a stable and consistent background on the instrument during testing, a baking out 

system is required on the analytical section. According to Roth [7], the most effective manner to 

reduce the outgassing rate from the parts subjected to vacuum is baking their components. At this 

extreme vacuum regime, H2 gas mainly emerges from the chamber walls (Figure 3.6). Therefore the 

baking process will significantly enhance the liberation of these molecules. The first issue presented 

was the determination by zones of the maximum temperatures that the diverse sensors and/or 

mechanical parts can withstand (Table 3.4). 

 

Figure 3.6 Background gas distribution when at base pressure as measured by the Microvision 2 RGA 

Hydrogen
71.10%

Water
9.98%

Carbon Monoxide 
11.85%

Oxygen
0.53%

Carbon Dioxide
6.54%
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The baking out system consists of heating tapes and a controller box equipped with six Eurotherm ® 

3216 temperature controllers and solid state relays. Therefore, accurate control of the temperature 

measured in the analytical section is provisioned. K-type thermocouples were chosen as sensing 

devices and they are strategically located to get an optimal measurement of the temperature in 

heating sections indicated in Table 3.4, preserving the instrument against damage. 

Table 3.4 Limiting Temperatures in the TDS 

 

It is important to keep the temperature uniformity of the instrument during backing, therefore a 

heating insulation system was used. It consisits of: i)silicon coated glass cloth in the outer surface, 

ii)the core insulation material of 10 mm thick calcium silicate blanket, and iii) inner layer of stainless 

steel knitted mesh which is in close contact with the instrument walls. This insulation will keep the 

outer surface temperature below 60 °C in order to have a minimum overall heat leakeage from the 

heating elements. The entire system can be observed in Figure 3.7, while it was mounted over the 

UHV chamber. 

  

Heating 
Section 

Instrument/part Max Temp (°C) Observation 

1 Turbo-molecular Pump Pfeiffer 
HiPace300 

150  The heating may cause reduction in the 
bearing lifetime 

 Bake the connection pipe and not the pump 
itself. 

2 Gate Valve 600 mm diameter 200  Remove actuator prior baking 

TSP 250  Cable bakeable up to 200 °C 

3 Thermocouple feedthrough 450  

Cold Cathode Sensor 400  Cable and magnet removed 

Hot Cathode Sensor 300  60 °C with cable attached 

4 Leak Valve 450  (open) -  
250 (closed) 

 

Residual Gas Analyser (RGA) 250  Remove Microvision device during baking 

 Avoid sudden temperature changes in the 
ceramic insulator 

 The Multiplier cannot be operated above 50 
°C 

5 None 450  No instrumentation located in this section 

6 Gate valve 70mm diameter 200  Remove actuator prior baking 
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A) B) 

 

 

 

 

 

 

 

  
 

 

Figure 3.7 Ultra High Vacuum section baking out system. It is shown the successive set-up of the heating tapes and heating 
insulation over the bare surface of the instrument. The entire system remains over the instrument and it is used to bake out 
the instrument and promote the hydrogen evolution from the instrument walls when needed. 

3.4.1.2 Residual Gas Analyser (RGA). 

Besides the measuring of total pressure in the UHV chamber, it is crucial for this study to be able to 

measure the partial pressure of hydrogen accurately. A partial pressure analyser is an ionization 

gauge in which the ions formed are resolved into a mass spectrum and the intensity of each 

component is measured separately. In this way, the user of the TDS will be able to identify the signal 

corresponding to hydrogen gas, isolate its contribution and interpret the signal obtained as a 

hydrogen related phenomenon from the sample in a meaningful way. 
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The type of partial pressure analyser selected for the implementation on this TDS instrument is a 

quadrupole mass spectrometer (QMS). The QMS is the most popular partial pressure analyser in use 

today [13], and for a better understanding of this instrument, it can be dissected on 3 parts based on 

its function:  

1. The ioniser is the part of the QMS immersed into the UHV chamber. Its function is to take a 

representative sample of molecules and atoms and convert them into ions. The ionization 

takes place due to a voltage applied to its filament, electrons are emitted and driven 

towards the anode. These electrons collide with the molecules and atoms present in the 

UHV chamber and, as a consequence, remove one or more electrons from them. The 

positive ions are subsequently presented to the quadrupole filter.  

2. The RF quadrupole is the central section of the QMS. Its function is to filter the diverse 

stream of ions by their mass to charge ratio (m/e). The RF quadrupole is an RF high pass 

filter: the hyperbolic rods (cylindrical in practice) at opposite corners are electrically 

connected. A resonance is produced between the rods by applying an RF signal on one set of 

rods and an equivalent but inverted signal to the opposite set. Likewise, opposing positive 

and negative DC offset voltages are applied (Figure 3.8). The resonance produced permits 

the filtering of specific m/e particles, some of them will travel to the other end of the rods, 

where the detector is located, while others collide with the rods or other surfaces. Then, 

scanning of the DC offset can be tuned so different m/e will resonate to reach the detector. 

3. The detector is located in the flanged section of the QMS. It converts the already filtered ion 

beam into an electrical current. This current is roughly proportional to the partial pressure of 

the particular m/e particles by: 

 

  

��    �    � �� 

 

 

Equation 3.1 
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where �� and �� are the ion current and the partial pressure of the specific species, and � is the 

sensitivity of the detector.  

 

 

Figure 3.8 Idealized hyperbolic electrodes. 

 

To distinguish hydrogen from other species within the analytical chamber during the desorption test, 

a MKS Microvision 2® QMS (item 5 in Figure 3.4) has been installed in the analytical section for this 

project. This instrument is equipped with two thorium coated iridium filaments as an ionization 

source. The filaments do not work together but they are present in the UHV vacuum chamber in 

order to reduce downtime operations. The mass per charge ratio range that the instrument can filter 

is 0 -100 amu. with a resolution varying depending upon the scanning mode, being its highest 

resolution 1/32 points/amu in analogue scanning mode. The instrument has a standard dual-

detector including a Faraday cup detector, for vacuum level of the order of 10-11 mbar, and a plate 

electron multiplier to push the detection of lower signal to around 10-14 mbar. As a general rule the 

electron multiplier detector has been preferred over the Faraday cup due to its higher peak 

detection and resolution throughout our experimentation process.  
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The instrument is managed by the computer interface software, Process Eye Professional®, which 

provides complete control over the instrument including features such as: sensitivity calibration, 

detector selection, operation mode among others.  

 

A thorough explanation of the conversion of the signal obtained from the RGA to hydrogen partial 

pressure appears in Chapter 4. 

 

3.4.2 Loading Chamber 

The loading chamber is basically a load-lock system. It provides a high vacuum base pressure (10-8 

mbar) prior to the immersion of the samples into the analytical chamber in a relatively brief time (20 

to 40 minutes). As a consequence, the loading of the sample into the analytical chamber is smooth, 

once the loading chamber base pressure has been achieved. Additionally the contamination of the 

critical analytical chamber is minimized prior to analysis. A gate valve divides these two chambers 

providing their own independence as a function of the vacuum regime and allows an 

interconnection between them only for depositing the sample. (Figure 3.9) 

 

Figure 3.9 Model of the Loading zone. It can be seen how the sample is deposited in the UHV chamber once the Gate valve 
is open. 
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Figure 3.10 Schematic of the Loading Section. 

 

A schematic of the loading section can be observed in Figure 3.10. The loading chamber achieves its 

high vacuum base pressure, around 1x10-8 mbar, due to the operation of a Pfeiffer TMU071P turbo 

molecular pump (item 1) assisted by a Pfeiffer PASCAL 2005SD roughing pumping unit (item 2). A 

coaxial foreline trap (item 3) and a poppet valve (item 4) is located between these units so that no 

contamination is deposited in the loading chamber. The pressure in this section is monitored by a 

MKS Dual Cold Cathode/Micro Pirani gauge ® (item 5) which measures a wide range of pressure from 

atmosphere down to high vacuum regime.  

 

The samples are introduced into the loading section through the load-lock door (route A-item 7). To 

be able to expose the chamber to atmosphere, ultra-high purity N2 gas is introduced into the 

chamber via route C, by doing this two aims are achieved; firstly, to minimize possible contamination 

due to water adsorption onto the chamber walls; and additionally reduce the time needed to break 

vacuum from its base pressure2. Systematically, the poppet valve (item 4) is closed to guarantee no 

gas back streaming into the chamber. Then the turbo-molecular pump is turned off, and, smoothly, 

N2 gas is introduced into the chamber. The pressure increase is continuously monitored by the 

                                                           
2 Check section 4.1.2 for a detailed explanation of the procedure followed to avoid the contamination on the 
loading chamber. 
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pressure gauge (item 5) and once the atmospheric pressure is achieved the stream of N2 remains 

flowing out of the chamber impeding the adsorption of water onto the system walls.  

 

The procedure described in the previous paragraph permits the manipulation of the sample prior to 

loading it into the loading chamber. The sample is located onto its sample holder and located into 

the mechanism illustrated in Figure 3.11. This mechanism permits a precise and simple insertion of 

the sample holder-sample grouping into the chamber while the tip of the Linear Horizontal 

Transporter (item 6) device holds it safely once inside the chamber. Subsequently, the load-dock 

door is closed, the poppet valve is open and the turbo-molecular pump starts spinning to start the 

pumping down process.  

 

 

Figure 3.11. Insertion of the sample into the Loading Chamber 

The exchange of specimens will be carried out by using a linear horizontal transporter (item 6) that 

permits the longitudinal insertion of the sample into the analytical section once the gate valve (item 

8) is opened. The sample can be consistently deposited in close proximity to the control 

thermocouple in order to register and control the actual sample temperature and therefore the PID 
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control loop. After locating the sample, the LHT is contracted and retired from the UHV chamber and 

the gate valve can be closed to starts the experiment. 

3.4.3 Calibration Rig. 

The rig, shown in Figure 3.12, permits a readily available and fast self-calibration of the RGA 

response against a known position of a leak valve (item 1) by injecting gas at a known pressure into 

the system. On the one end, this rig is connected directly to the analysis chamber of the TDS (route 

A) via a leak valve and, on the other end, it is connected to a gas calibration gas source (route C) via 

the calibration regulator (item 2). Hydrogen has been used to calibrate the RGA for the present 

work, although any pure gas can be used depending on the quantification needed and the study to 

be developed. 

 

To control the pressure in the calibration rig (route C), two pressure regulators are connected in 

series to the hydrogen line. The first regulator simply reduces the pressure for the inlet limitation of 

the second one (Matheson 3491-A-item 2), while the second controls the actual pressure of the rig 

during calibration. Given that a roughing pump is connected to the rig (Route B), even negative 

hydrogen pressures can be controlled with an appropriate set-up between the throttle valves (Items 

3 and 4) and pressure regulator knob.  

 

Once the appropriate pressure is set up in the rig, the injection of the gas to the UHV chamber can 

proceed by opening the Leak Valve to a starting position and, by varying the position of its knob, a 

response on the RGA can be read accordingly.  
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Figure 3.12. Calibration Rig 

 

The thermal desorption spectrometer developed for this project has been examined to detail, 

including its specifications and mechanical design. It is the aim of the project to have an instrument 

able to detect hydrogen traces down to 1 ppm but it is also important that the commissioned 

instrument can be used to study the kinetics of hydrogen trapping phenomena in iron alloys. From 

the functional point of view the inclusion of a self-calibrating section and the flexibility of the 

instrument, regarding the sample type, are crucial points of the design. The operation details and 

calibration will be examined in subsequent chapters.  
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CHAPTER 4 COMMISSIONING AND CALIBRATION 

Given that the quantitative TDS technique is based on the analysis of the partial pressure(s) of the 

evolved gas (es) of interest during a (usually) linear heating ramp, these two aspects will be analysed 

thoroughly. First, the detection of molecular hydrogen desorbed from solid samples by the 

Microvision 2® QMS in the analysis chamber will be considered. Then the heating ramp performance 

and its stability will be dealt with. The commissioning of the loading chamber of the TDS will be 

discussed mainly in terms the time required to reach high vacuum, since this affects the ability to 

detect hydrogen that diffuses at room temperature. 

 

4.1 COMMISSIONING 

4.1.1 Analysis chamber. 

The repeatability, detection limit and linearity with respect to partial pressure are important 

parameters for the quantitative performance of the TDS, in which the QMS registers partial 

pressures in response to the flow of analyte through the chamber into the TMP at a rate set by the 

gate valve. In this instrument (and other instruments known to the author) the heating of the 

sample is provided as a linear ramp. Constancy of the heating ramp throughout the temperature 

range traversed is essential for good performance. Obtaining a high quality thermal desorption 

spectrum requires good performance in both these respects (Figure 4.1). 

 

Figure 4.1 Factors influencing the quality of the desorption spectrum obtained via Thermal Desorption Spectroscopy 
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4.1.1.1 Quadrupole Mass Spectrometer 

The QMS measures very low ion currents with high scanning speeds [1]. To obtain consistently 

accurate desorption spectra, the QMS Microvision 2® should first be calibrated as a pressure sensor. 

While this is not essential, since the “real” calibration is of the analyte flow rate, knowing that the 

QMS continues to read pressure with acceptable accuracy helps to confirm the performance of the 

instrument when unexpected results are obtained or problems with the vacuum, background etc. 

are encountered. Quadrupole mass spectrometers are well known to be good relative but poor 

absolute pressure gauges. 

 

The QMS output was corrected by a direct comparison against the cold cathode 423 I-MAG® 

pressure gauge installed in the chamber. The QMS probe and the cold cathode sensor are located at 

the same axial distance from the TMP (Figure 4.2), so that they should read the same pressure of the 

flowing analyte gas, as long as the pressure is not changing rapidly.  

 

Figure 4.2 Analysis chamber section. Axial location of the QMS and Cold Cathode Pressure gauge 

 

The comparison of the QMS and cold-cathode gauge was performed using hydrogen, the gas of 

majority interest. Calibrating for hydrogen, which is just one component of the real analyte gas, was 

reasonable given that i) in the UHV regime the predominant gas observed was hydrogen and this 

was confirmed by the QMS mass spectrum, and ii) samples saturated with hydrogen were to be 

tested, so that a predominantly hydrogen analyte was expected under experimental conditions. 
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First, a correction of the cold-cathode gauge to read accurately on pure hydrogen was performed, 

since the latter was factory-calibrated to read nitrogen. This correction was made using the in-built 

capabilities of the MKS 937B controller, via a sensitivity factor provided by the manufacturer. 

 

The MKS Process Eye TM software and a sub-application, MKS EasyView RGA, were used to correct 

the QMS raw signal to partial pressure. The software permits complete control over the QMS 

(scanning mode, scanning mass range and data acquisition, disk storage, sensor calibration and 

degassing of the QMS ion source). In the “calibration” process, hydrogen was introduced to the 

chamber via the leak valve, shown in Figure 4.3, while it was dynamically pumped. Subsequently, the 

pressure value indicated by the cold-cathode gauge was recorded and fed into the EasyView RGA 

software. The information required by the software includes: calibration gas, total pressure of the 

system, fragmentation factor or contribution of the specific gas, filament used (there are two 

filaments available), detector to be calibrated (Faraday cup or electro-multiplier), and the software 

modifies the appropriate settings for processing the raw signal such that the sum of the partial 

pressures for the masses monitored by the QMS now agrees with the total pressure read by the 

cold-cathode gauge. This procedure is an automated version of the calibration process described in 

the literature, in which the user must select a set of three parameters: device sensitivity as a 

function of the filament emission, fragmentation factor of the calibration gas introduced, relative 

cross section of the calibration gas, and, if a multiplier detector was used, its gain or transmission 

probability, in order to get a numeric value representing the partial pressure of the specific gas 

under analysis. The calibration process is described in the relevant literature. [2-5] 

 

 OPERATIONAL RANGE 

It was important to select the calibration range for the QMS. The instrument can be used up to  

1x10-5 mbar when operated with the secondary electron multiplier detector. The selection of this 

detector over the traditional Faraday cup was based on its superior sensitivity in the UHV regime, as 

described by Huber [6]. However, it was decided to further determine a more appropriate range of 

calibration based on the configuration of our system and the samples to be tested. Determination of 

this range is a dynamic process that not only depends on the QMS range, but also on the position of 

the main gate valve (Figure 4.3), i.e. the throughput to the TMP. Closing the gate valve too far would 

cause the pressure in the analysis chamber to rise to levels which could endanger the QMS and 

other instruments, while opening it fully would reduce the sensitivity of the QMS to the analyte gas. 
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Thus a tuning process was followed to select an appropriate pressure range by varying the position 

(i.e. degree of opening) of the gate valve.  

 

Figure 4.3 Gas Injection for calibration purposes – schematic 

 

For this purpose a few tests were performed on electrochemically charged samples to determine the 

operation range. As can be seen in Figure 4.4, fully opening the gate valve restricts the sensitivity of 

the instrument to small variations in analyte pressure, since most of the analyte is bypassed to the 

TMP at a relatively high flow rate. By closing the gate valve to a fixed position at 30% open, a wider 

dynamic range of pressure at the QMS was enabled and so a higher sensitivity for the peaks 

observed around 350 °C is attained. This setting was used for all the measurements of hydrogen 

desorption from steels reported in later chapters. The gate valve setting can obviously be changed to 

deal with materials having lower or higher desorption rates by closing or opening the valve to keep 

the analyte pressure well above the UHV base pressure and well below the upper safety limit of 10–5 

mbar.  
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Figure 4.4 Operation Range for QMS 

 

 STABILITY OF THE UHV ENVIRONMENT 

Once the gate valve position had been determined appropriately as a function of the material to be 

tested via TDS, it was important to evaluate both the stability of the base pressure obtained and the 

composition of the background gases. The analysis chamber, either in the fully open or throttled 

position of the gate valve, operates in the UHV regime. The list of species in a stainless steel 

chamber under UHV chamber is typically hydrogen, water, carbon monoxide and carbon dioxide and 

methane [7]. In the chamber under consideration here, the dominant components were hydrogen, 

water, carbon monoxide3 and carbon dioxide, in proportions shown in Figure 4.5. 

 

                                                           
3 Mass 28 can indicate CO and N2. This contribution was attributed to CO due to the fragmentation pattern. 
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Figure 4.5 Gas composition in the analysis chamber 

 

Small variations in the partial pressures of these species over time are rather normal. Therefore, 

control charts were plotted for the four major components displayed in Figure 4.5 and for the cold-

cathode readings. The decision about whether the analysis chamber is suitable for experimentation 

was made based on the cold-cathode and hydrogen control charts (Figure 4.6 and Figure 4.7). Mass 

18 was not considered given that its signal was significantly lower (in the absence of a sample), and 

the other minor contributors were not considered because their contributions are affected by the 

functioning of the instruments themselves (i.e. hot filaments, gas emissions, chemical reactions, 

pumping effects [8]). 

 

Figure 4.6 and Figure 4.7 are a graphical representation of the routine control measurements 

performed using the cold cathode gauge and the QMS. Based on these charts and the application of 

the Westgard rules [9], a decision was made to start sample testing, or not to start if the vacuum 

was suffering instability that needed to be fixed or if any of the sensors was drifting. Briefly, the 

charts give a systematic, repeatable and quantitative indication as to whether the system is under 

control or if a systematic or a random error is being observed. 

 

Hydrogen
73%

Water
7%

Carbon Monoxide
10%

Carbon Dioxide
9%

Others
1%
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Figure 4.6 Cold Cathode control chart. The data displayed summarizes the routine control measurements and the upper and 
lower limits to be used in conjunction with the Westgard rules to determine the suitability of the analysis chamber to be 
used. 

 

Figure 4.7  Mass 2 control chart. The data displayed summarizes the routine control measurements and the upper and 
lower limits to be used in conjunction with the Westgard rules to determine the suitability of the analysis chamber to be 
used. 
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For simplicity the same nomenclature used by Westgard is used in this section. It is based on number 

or letter and a subindex, as:  

�� 

where A is normally a number stating the number of incidents occurred and x is the statistical 

parameter to take into account as a control limit.  

 

Table 4.1  Summary of the Westgard rules and the action to be taken when the rules are disobeyed 

Westagrd 

Rule 

Description Actions if the rule is disrupted Indicative of error 

��� Values exceeded the 2 

standards deviation limits 

of the control chart 

 Analyse the data and the control chart to 

see the trend. 

 Follow the flow chart depicted in Figure 

4.8. 

 Additional information is required. 

Random error 

��� Values exceeded the 3 

standards deviation limits 

of the control chart 

 Reject immediately if violated 

 System out of control 

 

Random error 

��� There are 2 consecutive 

data exceeding the 2 

standard deviation limit. 

 Reject immediately if violated 

 System out of control 

 Check the instrument  

Systematic error 

��� There are two consecutive 

measurement that differ 4 

standard deviations to each 

other. 

 Reject immediately if violated 

 System out of control 

Random error 

��� There are four continuous 

values exceeding the one 

standards deviation limit 

 Reject immediately if violated 

 System out of control 

 Check the instrument 

Systematic error 

���� Ten measurements on the 

same side of the average 

value 

 Reject immediately if violated 

 System out of control 

 Check the instrument 

Systematic error 

 

The Westgard rules are simple and can be explained with the aid of the flow diagram presented in 

Figure 4.8. If the 1�� rule is not broken, the system is considered to be under control and no remedial 

action is needed. On the contrary, if this rule is broken the data must be analysed and the control 

chart scrutinized. One by one the other rules are tested to define whether the system is under 

control or the instrument is presenting some issues. The details of the actions to be taken are 

described in Table 4.1. 
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Figure 4.8 Logic diagram for applying the Westgard rules. 

 

The implementation of the control charts shown in Figure 4.6 and Figure 4.7 provided valuable 

information regarding the stability of the instrument. Likewise, applying the Westgard rules helped 

to define if the instrument was ready to be used or if further actions were needed to guarantee the 

reliability of the data to be obtained. As an example, we apply the rules for the sequence presented 

in Figure 4.7 for the hydrogen signal: first of all, it should be noticed that there are only three 

occasions in which the 1�� rule has been disobeyed, so the other rules were applied for just those 

three events. Next we ask: is the anomalous value outside the 3-standard deviation range (1��), are 

there two continuous values outside the 2-standard deviation range (1��), are there two consecutive 

points crossing 4-standard deviations (���), are there four consecutive values outside the 1-standard 

deviation range (4��) and finally, are there ten consecutive points on the same side of the media 

(10�̅). If the answer to any of these questions is affirmative, then the system is out of control and the 

data obtained are in doubt. For the three events observed, no other rule was broken, therefore the 

system is under control for this data displayed.  
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 REPEATABILITY. 

The repeatability of the instrument was tested by using 5 ppm hydrogen standard LECO® pins. These 

standards are commonly used for the calibration of commercial hot-extraction based instruments 

for the determination of hydrogen content. An in-depth description of these calibration hydrogen 

standards is provided in section 4.2.1 when the solid phase calibration of the instrument is 

described. 

 

Figure 4.9 Repeatability test for two consecutive 5 ppm pins, tested as-delivered. 

 

Figure 4.9 shows the desorption test of two consecutive pins tested under standardized conditions. 

As can be seen, essentially the same hydrogen spectrum was observed for each pin. This degree of 

repeatability was found to be typical of this type of instrument. 

 

From a set of calibration pins run using the thermal desorption spectrometer and based solely on 

the integration of the desorption curve, the coefficient of variation (COV) is calculated obtained. A 

value of 0.08 was obtained which is a good indicator of the repeatability of the instrument signal.  
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Figure 4.10 Tests performed in two 5 ppm pins consecutively, after desorption and without being exposed to atmosphere. 

 

Pins were also tested after being desorbed (without being removed from the analysis chamber), with 

results shown in Figure 4.10. The spectra variation are almost indistinguishable. In a similar manner, 

the coefficient of variation of the desorbed pins tested without being removed from the UHV 

environment is calculated. The COV obtained is less than 0.01.  

 

These tests performed on standard materials provide a good estimate of the repeatability of the 

QMS in the operating vacuum environment. The sensitivity of the QMS even when the pins were 

desorbed is a good indicative of its ability to detect small pressure changes. 

 

 LIMIT OF DETECTION 

Given that the goal was to measure TDS spectra corresponding to a total hydrogen concentration 

down to 1 ppm, LECO standard 1 ppm pins were used to test this feature. As it can be seen in Figure 

4.11, the instrument is easily able to detect 1 ppm total desorption of hydrogen. The temperatures 

of the peaks in desorption rate were repeatable and the spectra themselves were quite consistent 

below 300 C and above 500 C. Significant variability is apparently associated with the peak at 

around 340 C. Two factors are evident: i) from the calibration certificate (Table 4.3) of the 1 ppm 
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pins, it can be seen that the pins themselves have an error of around 44%. ii) Experimentally there is 

a variation in both set of pins that is believed is caused by the exposure of the pins to atmosphere, 

leading to an uncontrolled water adsorption that contributes to the hydrogen signal. This important 

issue is considered in detail in Chapter 6. 

 

 

Figure 4.11 Hydrogen spectra from a series of 1 ppm LECO pins. 

 

From the technical point of view, the lowest certified hydrogen concentration tested using the 

thermal desorption spectrometer presented here is 0.9 ppm (i.e. 0.9 μg H2/g), it is therefore the limit 

of detection stated for the instrument. Calibration standards for hydrogen content in steels are 

commercially available but standards for steel below 1 ppm of hydrogen are not. Moreover the 

standard errors reported below this certified value are relatively high and bordering ambiguity. On 

the other hand, a quantitative analysis based solely on the numerical integration of the minimum 

desorption peak reliably distinguishable gives an estimation of 0.3 ppm (i.e. 0.3 μg H2/g), as shown in 

Figure 4.12.   
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Figure 4.12. Estimation of the smaller desorption peak reliably distinguishable from a 0.9 ppm pin spectrum. 

4.1.1.2 Heating Ramp 

The other important parameter involved in obtaining high-quality TDS results is temperature. Since i)  

the temperature of the desorption peak corresponding to a given activation energy for desorption 

depends on the rate of change of temperature, and ii) the probability of the activated process 

depends exponentially on temperature, the shape and smoothness of the TDS spectrum is very 

sensitive to the constancy of the ramp rate. 

 

The temperature control sub-system is shown in Figure 4.13. The aim of the design was to get an 

accurate and representative temperature of the sample. Therefore a K-type thermocouple has its tip 

located in the receiver in which the sample holder sits after transfer from the loading chamber.  The 

split furnace has a EUROTHERM 3204 temperature controller which uses this thermocouple 

temperature as its control element. PID parameters were initially set by the internal auto-tuning 

algorithm, but manually adjusted in order to get a repeatable and consistent heating ramp. 
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Figure 4.13 Components of the temperature control sub-system. 

 STABILITY 

Three heating ramp rates were used to run TDS measurements on standard pins and other samples 

throughout the development of this project. The measured ramps were compared to the ideal 

temperature–time line. The consistency of the ramp slope was found to be an important influence 

on the TDS spectra, as expected from the brief discussion above. Figure 4.14 shows the hydrogen 

spectra obtained from two 5 ppm pins handled under similar conditions prior to loading. As can be 

seen in the right-hand plot, there is a discontinuity in the heating rate around 5000 seconds, causing 

a fluctuation in the hydrogen desorption rate. The effect is strong enough that the cycling of the 

furnace current by the temperature controller had a visible effect at low temperatures. After a series 

of trial-and-error tests, an improved version of the controlling program was developed. This code 
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sets the output power sent to the heating elements of the furnace to a fixed value which is just high 

enough to let establish the heating rate desired, once the heating rate obtained surpasses the set 

heating rate, the PID parameters stars to control the heating rate desired for the rest of the 

experiment until reaching the highest temperature wanted. As it can be seen in the plot on the left 

of Figure 4.14, the heating ramp is linear over the entire temperature range, with noticeable 

reduced noise in the low temperature range, caused by the fluctuations of the current sent to the 

heating elements of the furnace. 

 

 

Figure 4.14 Comparing the effect of two heating rates over a desorbed standard pin 

 

Linear regression performed on the temperature vs time plots shows good agreement between the 

set heating rate and the actual heating rate obtained (Table 4.2). 
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Table 4.2 Comparison of the set heating rate and the actual heating rate obtained by linear regression. 

Heating rate intended 

��

���
�  

Heating rate calculated 

��

���
�  

2 1.98 

5 4.91 

10 9.87 

 

It is worth noting that that the consistency and repeatability of the heating ramp are important if an 

inter-laboratory round of testing is planned, since departure of the heating rate from the intended 

value would affect the TDS results, both as to the positions of the peaks and by introducing artefacts 

through any non-linearity. For comparing the kinetics of the desorbed species, the repeatability of 

the heating ramp rather than the nominal rate is more important. 

 

4.1.2 Loading Chamber 

As described in Chapter 3, the loading chamber is the interface between the atmosphere and the 

clean UHV condition maintained in the analysis chamber. The loading chamber needs to reach high 

vacuum (say 1x10–8 mbar) as quickly as possible after the chamber is closed at atmospheric pressure. 

This is not only to maximize the sample throughput, but also to make it possible to estimate the 

amount of diffusible hydrogen (i.e. hydrogen that is desorbed just above room temperature) in the 

sample. 

 

The pumpdown time from atmospheric pressure shows the beneficial effect of flushing UHP 

nitrogen through the loading chamber (Figure 4.16). Base pressure is reached in about 15 minutes 

instead of about 40 minutes. This significantly improves the ability of the instrument to detect 

diffusible hydrogen. The pumpdown time of the loading chamber was found to be quite repeatable 

with clean samples and so was used as an indicator of stable loading conditions. A significantly 

longer time was indicative of contamination, and the loading chamber was then baked out for at 

least three hours at 200 C under turbo-vacuum  
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Figure 4.15- Model of the loading chamber. The interconnections to/from this system are displayed in red. 

 

 

Figure 4.16 Loading time reduction by introducing nitrogen into the loading chamber. 
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4.2 CALIBRATION 

The calibration of the instrument in terms of hydrogen desorption rate was performed using solid 

commercial standard materials and ultra-high purity hydrogen gas. In the following sections a 

detailed explanation of the procedures followed is given. 

 

4.2.1 Solid Phase Calibration 

Hydrogen standard materials are commercially available in the market. The standards are usually 

used for the calibration of hot-extraction instruments in which the sample is melted, although the 

complete fusion of the standard is not necessarily needed if sufficiently high temperatures are 

applied. 

 

From the available standards on the market, LECO pins were selected to commission and calibrate 

the TDS described here. The pins are manufactured from heavy steel wire 4 mm in diameter, 

cropped at 8 mm length, so that they have a nominal mass of one gram. These dimensions were 

convenient for the application envisioned and holes were machined in the sample holder to 

accommodate them. According to their calibration certificate, these pins are factory verified against 

LECO and NIST 4  standards, using thermal conductivity or infrared detection technology. 

Furthermore, their certificate states that the pins are stable at room temperature and that no 

additional cleaning is needed prior to their use. Another factor in favour of the LECO pins is that they 

are made of an iron-carbon alloy. Table 4.3 summarizes their characteristics. 

Table 4.3 Certified hydrogen concentration of the LECO standard pins 

Designation Reference Value  
(ppm) 

Uncertainty  
(ppm) 

1 ppm 0.9 0.4 

5 ppm 5.3 0.4 

 

The calibration process consisted of running a series of tests under repeatable conditions, using the 

LECO standards. The test conditions were the same as in the standard procedure for testing research 

samples, and are detailed in Table 4.4.  

 

                                                           
4 National Institute of Standards and Technology 
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Table 4.4 Testing conditions for the calibration 

PARAMETER CONDITION OBSERVATION 

Heating Ramp 2 °C/min --- 

Max Temperature 870 °C --- 

Stabilization time in Analysis Chamber 15 min Due to the pressure difference between the analysis 
chamber and loading chamber 

Dwell time in Loading chamber 0 min The material is stated as stable at room 
temperature. 

Gate Valve Position GV30 30% open 

Pin Holder Status Clean  The holder must have been for at least 4 hours at 

870 C in vacuum, prior the test. 

 

The loading procedure detailed in Chapter 3 was followed, with nitrogen gas used to bring the 

loading chamber to atmospheric pressure. The pumpdown time to 1 x 10–8 mbar was consistently 25 

to 30 minutes and there is no need for a dwell time in the loading chamber to desorb superficial 

water. Therefore the pins were immediately transferred to the analysis chamber, as described in 

Chapter 3. A stabilization time of 12.5 minutes with the gate valve fully open followed by another 2.5 

minutes with the gate valve throttled to the position GV30 has been found to be adequate to obtain 

consistent initial conditions between runs. Finally the controller software was run to initiate the 

heating ramp and record the QMS output. 

 

The procedure described above was followed meticulously and the results were analysed in order to 

determine the repeatability of the tests and additionally the linearity of the method. Given that two 

known amounts of hydrogen are available, 1 ppm and 5 ppm, Equation 2.3 can be used in order to 

test the linearity of the method and to establish a calibration line accordingly.  

 

 
�� =

�

��
�� Equation 4.1 

 

 

Performing a similar analysis to the one reported by von Zeppelin et al. [10] and described in 

Chapter 2, the known amount of hydrogen from a standard (��) is directly proportional to the area 

under the desorption curve after the TDS test (��). By performing this experimental at a minimum 

of hydrogen contents, 1 ppm and 5 ppm, say, the proportional response of the system can be 

obtained. The linearity can be tested by running intermediate hydrogen contents. 
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Figure 4.17 shows the desorption curves from the LECO pins tested. The 2x1 ppm sample consisted 

of two 1 ppm samples loaded into the pin holder and so included a doubled contribution from 

atmospheric water owing to the doubled surface area. The pins were tested under repeatable 

conditions and the numerical integration of the desorption spectra was performed using ORIGIN9 

software. 

  

Figure 4.17 Desorption curves from the standard calibration LECO pins 

Figure 4.18, presents the results of a series of experiments performed on 5ppm and 1ppm pins. The 

error bars indicate the statistical error of the measurement. The test pins of 2 ppm show good 

linearity of the relationship obtained from the standard pins having nominal value of 1ppm and 

5ppm. It can be said that the thermal desorption spectrometer is linear with the range of 1ppm to 

5ppm, although further analysis is needed if the instrument needs to be used outside this range. For 

the purpose of the project, the mentioned range is suitable for the detection of hydrogen from steel 

samples when the concentration is to be determined.  

 

The calibration line obtained from this procedure is: 

 

 � = 3.34 � + 1.07  �������� 4.2 
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where A is the Integrated Peak Area (nbar °C/g) and N is the hydrogen content (μg) desorbed from 

the sample during testing. 

  

Figure 4.18 Solid Phase Calibration 

If the linear relationship between the hydrogen content and the integrated peak area of the 

spectrum obtained is extrapolated to zero hydrogen content, the intersection with the y axis 

represents the sum of the background of the instrument and the contribution from water on the 

sample. Therefore, to estimate the actual hydrogen desorbed from the sample only, the Hydrogen 

Calibration curve excluding the surface effects is to be used. Nevertheless, testing calibration 

standards below 1 ppm is needed to establish a more accurate relationship for samples containing 

less than 1 μg of hydrogen. 

 

4.2.2 Gas Phase Calibration 

One of the key features when designing this instrument was to provide a readily available calibration 

source. The gas-phase calibration has the advantage of being a time-saving alternative when 

compared to solid-phase calibration, which, depending on the parameters involved, may take 

several days to complete. Thus the gas-phase calibration can be done routinely and often, providing 

ongoing assurance of the correct functioning of the instrument. 
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The gas-phase calibration process consists of injecting UHP hydrogen into the analysis chamber via 

the leak valve. Figure 4.3 provides an overview of the major components involved in the process. 

The calibration manifold depicted in this figure can be considered as a source of UHP hydrogen that 

allows its injection into the analysis chamber in a controlled manner. 

 

The leak valve is the most important component of this set-up and the system relies on both its 

repeatability and its ability to achieve a UHV-tight shutoff. The all metal leak valve used on this 

projects is a VG SCIENTA LVM263R. Its sealing mechanism is based on the movement of a knife-edge 

against a sealing face, actuated by the rotation of a knob that provides high sensitivity of movement 

by its mechanical configuration (Figure 4.19), and therefore, fine control of the hydrogen flow rate. 

 

 

Figure 4.19 Schematic of the LVM263R leak valve used to connect the calibration rig and the analysis chamber. 

On the calibration rig side a constant pressure of UHP hydrogen must be maintained. At the 

entrance of the calibration rig a Matheson 3491-A low-pressure regulator is installed, allowing fine 

control of the amount of hydrogen admitted into the manifold. The hydrogen flowing into the rig is 

differentially pumped by the operation of a vacuum pump (vacuum line). The valves located in the 

rig must be adjusted in order to set a desired pressure in the calibration rig. This pressure is 

constantly monitored by a MKS 902 piezo gauge (1300 mbar full scale) and a MKS 627D capacitance 

manometer (0.066 mbar full scale), although for the measurements reported in this section only the 

piezo sensor was used. The calibration pressure can be controlled between 20 and 1000 mbar with 
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the appropriate setting of the control valves in the manifold. Finally, once the desired pressure is 

attained, the leak valve can be opened to allow a notionally constant flow of hydrogen into the 

analysis chamber according to the setting of the leak valve.  

 

 

Figure 4.20 Schematic of the operation of the calibration rig. 

 

For the calibration to be effective, a set of calibrated flow rates should be defined. These flow rates 

are dependent on the pressure held in the calibration rig and the pressures measured in the analysis 

chamber, as follows: 

 

 ����̇ = �(����− ���) Equation 4.3 

 

 

where, �  is a function that represents the gas flow through an orifice (Poiseuille flow in this case), 

���� [����]is the calibration pressure in the rig and ���  [����]is the pressure in the analysis 

chamber. However, Hurst et al. [11] have found that it is not strictly necessary to model the gas 

behaviour to calibrate the flow rate �̇���; instead the relationship between �̇ and the differential 

pressure (����− ���) can be used. Moreover, the authors simplify the approach further by using ���� 
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solely, due to the big difference between the absolute values of these two quantities. Summarizing, 

the determination of the calibration molar flow rate is a function of the calibration pressure held in 

the calibration rig and this function can be determined experimentally. Given the set-up available in 

the instrument presented in this work, the variation of the calibration pressure combined with the 

position of the leak valve’s control knob gives further control over the rate of injection and a similar 

approach as presented by Hurst et al. can be followed: 

 

 �̇ = �(����, LVpos) Equation 4.4 

 

In order to determine the calibration function, an experimental procedure has been devised. First, it 

is necessary to establish a constant pressure in the calibration rig. Then, the leak valve is opened to a 

fixed position, taking into account that the response of the QMS for hydrogen must be within the 

range of calibration desired while the analysis chamber is being pumped. A stabilization time is 

compulsory (t > 10 minutes), then, once the equilibrium pressure is attained, this pressure value is 

recorded as ����. It must be understood that the equilibrium pressures mentioned above, for 

calibration purposes, represent the actual pressure of the system during the TDS analysis. Therefore, 

a good experimental design should consider a spam of equilibrium pressures during the calibration 

process that overlaps the pressure working range of the instrument during analysis. Subsequently, 

the main gate valve is shut quickly and the rise in pressure is recorded. When the pumping is 

suspended, and the calibration flow of hydrogen is allowed, the molar flow of hydrogen injected can 

be easily calculated from the plot ��� ��. ����. This value is recorded as  �̇���[
����

�
].  

 

Since the background pressure, the hydrogen adsorption of the system and the pumping of gases 

from the sensors connected are considered as negligible, the hydrogen molar flow can be derived by 

differentiating the ideal gas law, as follows: 

 

 
�̇��� =

�̇�� ���

��
 

Equation 4.5 
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where, ��� [�]is the (constant) volume of the analysis chamber and R �
������

�����
�and T [�]are the 

universal gas constant and the (constant) temperature of the calibration gas respectively.  

 

Given that the volume of the analysis chamber had been determined in advance by the gas 

expansion method, a direct relationship between the molar flow and the rate of increase of the 

pressure in the analysis chamber is determined. This process is repeated by either varying the 

opening position of the leak valve (�����) or by changing the calibration pressure (����), in such a 

way that the entire calibration pressure range is covered.  

 

The corresponding positions of the leak valve and the calibration pressures during actual calibrations 

were recorded in order to repeat them in subsequent calibrations, keep track of the behaviour of 

the instrument and/or detect any anomalous behaviour. At the end of the calibration process, a 

calibration curve can be plotted in which the hydrogen calibrations flows and the hydrogen partial 

pressure can be compared. With this calibration equation, the raw data obtained while testing can 

be transformed directly to the hydrogen molar flow rate.  

 

 

Figure 4.21 Gas phase - calibration curve  
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Figure 4.21 shows the results for the gas phase calibration using the procedure detailed above. As 

can be seen in this figure, the results show good linearity, so a linear regression provides a good 

approximation as a calibration curve. The calibration curve obtained by this method provides directly 

the number of moles per second being desorbed from the sample at any time and the integration of 

the transformed curve with respect to time can provide the cumulative amount of hydrogen 

desorbed from the sample. 

 

Table 4.5. Comparison between the theoretical values of the calibration pins hydrogen content versus the results obtained 
using the gas-phase calibration curve. 

Designation Nominal 
Hydrogen 

Concentration 

Sample 
Mass 

Certified 
hydrogen 
content 

Hydrogen content 
as per using gas 

phase calibration 
curve 

(μg/g) (g) (mol H2) (mol H2) 

1ppm pin 0.9±0.4 1.001 4.47E-07 3.22E-07 

5ppm pin 5.3±0.4 1.003 2.64E-06 1.59E-06 

 

Table 4.5 shows the theoretical hydrogen contents of the calibration pins used in the solid phase 

calibration, as stated in their calibration certificates, and the hydrogen content obtained from similar 

pins run in the TDS using the gas-phase calibration curve. As it can be seen, there is a discrepancy 

between the theoretical and experimental results. For the 1ppm pins there is an error of about 28% 

which compared to the 44% stated error in the calibration certificate, gives an understanding that 

this value is between the confidence interval for these pins. On the other hand, the error 

corresponding to the 5 ppm pin reached the 40% of the certified hydrogen content. When 

comparing this result with the confidence interval corresponding for these pins (5.3 ppm ± 7.5%), 

gives an unsatisfactory result.  

 

The two approaches to calibration should obviously agree, but this was not the case at the time of 

submission. The reason for this disagreement is not apparent and not fully understood. Assuming 

that there is no error in the theory or numerical analysis, there may be a fundamental factor that has 

not been taken into account. It is clearly important that this discrepancy be resolved by further work 

to ensure that the TDS method is in fact reliable. Solid phase calibration is taken as a reference for 

the calculation shown in the coming chapters. 
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The commissioning of the entire instrument and the calibration of QMS have been presented in this 

chapter. Particularly important is the calibration section and the setting of the different component 

interconnected in the instrument to obtain its best performance. Two calibration approaches have 

been scrutinized, their advantages and drawbacks presented and a comparison between them is 

exposed to the reader. Although there is not a satisfactory agreement between the two calibration 

processes described, the fundamental methodology used has been studied in detail and gives 

opportunity to further work to assure the reliability of the data obtained by using the TDS 

developed. Given that the solid phase calibration has proven to be successful when compared to the 

calibration standards used, it will be used for the analysis of samples to be presented in chapter 7. 
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CHAPTER 5 SAMPLE PREPARATION AND HYDROGEN 

LOADING 

In the previous chapter the commissioning of the thermal desorption spectrometer (TDS) and its 

calibration were described and its repeatability and sensitivity were proved using LECO® commercial 

standards for hydrogen measurements down to 0.9 ppm. In this chapter, the methodology for 

preparing samples of commercial steels and the hydrogen charging process is described. Handling 

the samples and introducing them into the loading chamber, so as to obtain reproducible results, 

was dealt with in Chapter 4. Because of the observed sensitivity of the instrument and the hydrogen 

produced from adventitious water, recommendations for sample processing under strictly 

maintained conditions are made. These tasks have turned out to be major aim in the project. 

 

The sample preparation involves two major steps: sample surface preparation and hydrogen loading. 

In this chapter the methodology developed for sample preparation is explained in detail, including 

the equipment used for this purpose and the storage conditions for the prepared samples. The 

sample preparation route is summarized schematically in Figure 5.1. 

 

 

Figure 5.1 Schematic of the sample preparation process prior TDS tests. 

Analysis
Hydrogen 

intake

Reduce 
surface 

roughness to

mirror-like 
finish

Reduce 
surface 
defects

Cut samples 
to size

Machinnig Grinding Polishing
Hydrogen 
Charging

TDS test



 

112 
 

5.1 SAMPLE CHARACTERISTICS 

Two groups of steels were studied, as detailed in (Table 5.1). Low carbon steels were used to test the 

instrument itself under realistic conditions of sample preparation, contrary to the already-prepared 

standard LECO pins. Alstom provided alloyed steel samples to be tested on the instrument. These 

are representative samples of two alloyed steels used in the manufacturing of turbogenerators for 

electricity production. The chemical compositions of the steels used in turbogenerators is shown in 

Table 5.2. 

Table 5.1 Summary of the main materials analysed by thermal desorption spectrometry. 

Project Nomenclature Used in Steel grade 

Low Carbon Steel 
LC 

Instrument tests only Low Carbon Steel 

Group 1 
(G1) 

Rotor Forging 3.5NiCrMoV 

Group 2 
(G1) 

General Rotor Components NiCrMo1 

 

 

Table 5.2 Chemical compositions of the turbogenerator steels (wt%) as determined by two independent measurements.[1] 

Project 
Code 

C Mn Cr Ni Mo V Cu Si Al S P 
Nb 
or Ti 

G1 
0.22 0.23 1.67 2.77 0.43 0.09 0.09 0.08 <0.005 0.01 0.01 <0.01 

0.21 0.22 1.65 2.75 0.41 0.09 0.09 0.07 <0.005 0.01 0.01 <0.01 

G2 
0.09 0.88 0.52 1.04 0.6 0.01 0.06 0.31 0.017 0.01 0.01 <0.01 

0.08 0.91 0.48 0.98 0.6 0.01 0.06 0.31 0.018 0.01 0.01 <0.01 

 

As received, the Alstom samples had dimensions 30 mm x 30 mm x 1mm. To enable more 

comprehensive TDS testing, these samples were reduced to subsamples having dimensions 7mm x 

27.5mm x 1 mm. Given the high sensitivity of the instrument, these smaller sample amounts posed 

no problem and were easier to handle. 

5.2 SAMPLE SURFACE PREPARATION 

The as-received surface condition was rough, with evident oxide. Therefore the samples needed to 

be mechanically ground and polished before measurement. Custom sample holders (pucks) for 

grinding and polishing were made from stainless steel. Epoxy resin was used to mount the samples 
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in the pucks (Figure 5.2). Once one side was finished, the sample was turned and the process was 

repeated for the other surface. 

 

 

Figure 5.2. Sample mounted using epoxy resin 

 

A small grinding station holding four pieces of emery papery was designed by the author and built at 

Griffith University (Figure 5.3). Emery papers with grit sizes 600, 800, 1000 and 1200 were 

consecutively used. Once the surface appeared uniform after using a particular grit size, the grinding 

direction was rotated by 45 degrees for the subsequent grinding step. The grindings were removed 

by continuous water flow. 

 

Figure 5.3 Grinding station 
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After grinding, the surface of the sample was visually uniform. The samples were then hand-polished 

using alumina powder with 3–4 µm particle size and a rotating polishing cloth on a lapping machine 

(Figure 5.4). A slurry of abrasive in distilled water was spread onto the polishing cloth and the 

polisher was run at its lowest rotational speed to minimize scratching. The hand-held sample was 

moved and rotated so to randomize the polishing direction. 

 

Figure 5.4. Alumina powder diluted in distilled water applied over a polishing cloth during the polishing process 

 

5.3 STORAGE CONDITIONS 

After gaining experience with the entire process of preparing and measuring samples, they were 

stored in a glove box filled with high-purity argon gas. Initially, however, some samples were stored 

in a desiccator. The TDS results, presented in Chapter 6, showed marked differences in the TDS 

spectra obtained based on the handling of the samples. An in-depth discussion of the findings 

related to the storage conditions and exposure to atmosphere will be presented in Chapter 6. 

 

5.4 HYDROGEN LOADING 

Absorption of atomic hydrogen into metallic alloys is the first step in a process that may lead to 

hydrogen embrittlement. For this project, hydrogen loading by electrochemical charging in liquid 
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electrolyte and directly from the gas phase was employed. The mechanisms, equipment and 

procedures by which samples were loaded with hydrogen is detailed here. 

 

5.4.1 Gas Phase 

Gas-phase charging was used so that the fugacity of the hydrogen, which can be calculated from the 

pressure, could be accurately known and related to the amount of hydrogen taken up via Sieverts’ 

Law. (Equation 1.1). 

 

The gas–metal interaction has three steps: physisorption, chemisorption and absorption in the bulk 

of the sample (Figure 5.5). Physisorption is governed by van der Waals forces acting between the 

surface and the adsorbent, which forms a fluid-like layer, a process which is reversible. 

Chemisorption, on the other hand, involves a chemical reaction between the surface atoms and the 

adsorbed species, leading to dissociation of the hydrogen molecule in the present case. Iron and 

nickel are active in this respect, as are various other transition metals which ultimately form 

stoichiometric hydrides. Stronger short-ranged chemical bonding forces act within about a 

monolayer from the surface. This process can be either reversible or irreversible. Absorption of 

atomic hydrogen is the final step, after which H diffuses into the bulk of the metal.  

 

Figure 5.5 Schematic of the gaseous charging process 

Gaseous charging has been used in several cases to study hydrogen embrittlement in steels and 

other materials of interest as is described in relevant literature [2-5]. 
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5.4.1.1 Equipment  

A gas manifold rated to 100 MPa, equipped with a 70 MPa Rosemount pressure transducer (0.1% 

accuracy) and metal-hydride hydrogen source able to deliver 24 MPa hydrogen of extreme purity, 

was used, as shown in Figure 5.6. 

 

 

Figure 5.6 Schematic of the hydrogen charging rig. 

 

A compact sample cell was designed by the author according to AS1210 and built at Griffith 

University (Figure 5.7) for this work. The working pressure was 23 MPa at room temperature. Proof-

testing was performed in-house by the author according to AS1210 using pressurized water. The 

sample space was designed to hold a stack of several samples 1 mm thick with 27.5 mm nominal 

length, to match the TDS sample size. Aluminium 7075-T6 was selected due to its hydrogen 

embrittlement resistance and high strength/density ratio. Viton® BS232 was selected as a sealing 

material for the O-ring. Connections were made with Swagelok VCR® components. The cell sealed 

hydrogen reliably at 23 MPa, as determined with a high-sensitivity MKS hydrogen leak detector. 

 

Pressure 
Transducer 

Vacuum 

Heat 

Metal Hydride 
Reservoir 

Pressure 
Vessel 



 

117 
 

 

Figure 5.7 Pressure Vessel manufactured for gaseous phase charging of hydrogen. 

 

5.4.1.2 Procedure 

Polished samples were stored, and the sample cell was loaded, under argon in a glove box (MBRAUN 

UNIlab) to minimize the take-up of water onto their surfaces. The isolation valve was then closed, so 

that the sample was removed from the glove box under 1 atmosphere of argon. 

 

Once attached to the gas manifold the sample chamber was evacuated, flushed with hydrogen, and 

evacuated again using a rotary pump with foreline trap to avoid oil backstreaming to the manifold. 

 

The sample was loaded by heating the metal-hydride source (a multi-substituted AB5 intermetallic 

based on mischmetal) with a laboratory heat gun until the desired pressure over the sample was 

reached [6]. Samples were generally soaked in hydrogen at pressures up to 23 MPa for 48 h. The 

isolation valve was then closed and the sample cell was taken to the glove box, where the sample 

was unloaded into a sealed glass container under argon. As quickly as possible, typically within a few 

minutes, the sample was removed from the glove box, loaded into the TDS and measured. 
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5.4.2 Electrochemical Charging  

The aim was to produce a high fugacity of hydrogen in order to promote a high hydrogen 

concentration in the sample. An appropriate combination of overpotential, applied using a 

potentiostat, and enough exposure time leads to a uniform hydrogen concentration profile in the 

sample (i.e. hydrogen saturation at that potential). The higher the overpotential applied, the higher 

the hydrogen concentration induced in the sample. Electrochemical charging of hydrogen has been 

widely used in studies of hydrogen embrittlement in many materials [1, 7-16].  

 

For this project, the potentiostatic technique with a three-electrode electrochemical cell was used 

(Figure 5.8). In this technique a controlled overpotential is applied between the reference electrode 

and the working electrode (sample) while the current is measured at the counter or auxiliary 

electrode. The counter electrode completes the electric circuit but does not interfere in the reaction. 

Generally, this electrode is made from an inert material, such as platinum or gold. 

 

Figure 5.8 Schematic of a typical three-electrode electrochemical cell with a potentiostat assembly 

 

Only a small amount of the hydrogen produced at the cathode (counter electrode) actually enters 

the sample (working electrode), depending on conditions in the electrochemical cell (temperature, 

pressure), electrochemical variables (cathodic current density, overpotential, electrolyte 
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concentration) and the nature of the sample to be charged (alloy composition, thermomechanical 

history, surface preparation).  

 

Barnoush [17] states that there are two models proposed to explain the hydrogen absorption into 

metal by the action of electrochemical charging. The first approach considers that hydrogen 

adsorption is an intermediate step in the mechanism by which hydrogen enters the metal lattice 

and, additionally, this reaction is identical to that which leads to hydrogen evolution. This approach 

is described by the following equations. 
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Equation 5.2 
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Here ����� is the adsorbed hydrogen at the metal surface, ����� is the absorbed hydrogen 

beneath the metal surface, and ��, ��, �_� and �� are the rate constants for the different reactions. 

This model concludes that the hydrogen absorption is related to the surface coverage of adsorbed 

hydrogen. 

 

In contrast, the second approach considers that the intermediate state through which hydrogen 

enters the metal lattice is not identical to the adsorbed intermediate state which leads to hydrogen 

evolution. The author explains that hydrogen enters the metal by the same elementary process as 

that by which it is discharged. The hydrogen absorption evolution reaction (HAR) and the hydrogen 

evolution reaction (HER) occur independently. The reaction at the cathode is summarized as flows: 
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 ����� +  ����� 
�� >  �� + 2� Equation 5.6 

   

where �� and �_� are the reaction rate constants. 

 

5.4.2.1 Equipment 

A brief explanation of the instrumentation and components used for electrochemical charging will 

be given in this section. The entire configuration can be seen in Figure 5.9. 

 

 

Figure 5.9 Electrochemical Charging configuration 

 

 Potentiostat 

The potentiostat is used to maintain a constant overpotential between the working electrode (WE) 

and the reference electrode (RE). The potentiostat is a feedback amplifier which is able to pass 

appropriate currents to the working electrode so that the potential between the WE versus the RE 

remains constant. A potentio-galvanostat WELKING PGS81 was used for the experiments, coupled 

with a three-electrode electrochemistry cell. 

  



 

121 
 

 Electrochemistry cell.  

A three-electrode electrochemistry cell was designed by the author. The main advantages of a three-

electrode electrochemistry cell over its similar two-electrode cell is that the need to pass current 

through the reference electrode is avoided. Only very small currents, of the order of picoamperes, 

are passed through the reference electrode when used in a three-electrode design. Such small 

currents do not affect its properties [18]. The cell design is shown in Figure 5.10 and the actual cell in 

Figure 5.11. Care was taken to make reliable electrical contacts between the components. The PTFE 

lid to which the electrodes are mounted can be raised and lowered on an integrated column and 

pedestal. 

 

Figure 5.10 Electrochemical charging cell 

The cell was designed to give easy access to the sample and provide uniform hydrogen charging of 

the sample. The later aim was achieved by using two platinum grids as counter electrodes in order to 

get a uniform distribution of current at both surfaces of the sample. The working electrode has a 

spring type holder that permits a secure and easy way to hold samples up to 8 mm wide. The cell is 

transparent so the condition of the electrolyte and the other components can be verified easily. 

Additionally, the rigid cell construction facilitates repeatable repositioning of every component 

between experiments and cleaning operations. This is particularly important for the positioning of 
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the reference electrode, which must be located in close proximity of the working electrode surface 

to minimize the voltage difference between them. 

 

o Reference electrode: 

The purpose of the reference electrode is to measure the potential at the working electrode. 

For this work, a Hg/HgSO4 reference electrode used due to its stability in alkaline solutions. 

The reference electrode (supplied by CH Instruments) has a potential of 0.640 mV against 

the normal hydrogen electrode (NHE). The reference electrode was stored in saturated 

K2SO4 solution to maintain its stability. Additionally, other two reference electrodes of the 

same type were available to maintain traceability of the stability of the reference electrode 

in use. Good repeatability of the potentials measured over time was observed.  

 

o Counter electrode 

The function of the counter electrode in the electrochemical cell is to close the electric 

circuit and supply the current to the working electrode without limiting the response of the 

cell. For our particular experimental set-up, in which the potential between the working 

electrode and the reference electrode is controlled, the counter electrode provides the 

current to the working electrode to balance the reaction occurring at the working electrode. 

Therefore the potential between the former two electrodes is controlled while avoiding the 

need to pass a current through the reference electrode.  

 

For our experimental set-up platinum grid was selected. Figure 5.10 and Figure 5.11 show 

the arrangement of the two platinum grids relative to the working electrode. As mentioned, 

the aim was to ensure uniform hydrogen charging over the sample and, additionally, to 

increase the surface area to permit the reaction without affecting the current 

measurements due to passivation, deactivation or blocking [18]. 

 

o Working electrode 

In the present study, the working electrode is the sample subjected to hydrogen charging. 

The working electrode is located at the centre of the cell and in close proximity to the tip of 

the Hg/HgSO4 reference electrode, so the potential measurements between these 
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electrodes represent the actual reaction occurring during the experiment. Table 5.1 lists the 

materials tested. TDS on the sample was always run immediately after the electrochemical 

charging process had finished. 

 

    

 

Figure 5.11 Location of the working electrode, reference electrode and counter electrodes. 

 

o Electrolytes 

Two electrolyte solutions were used. The preparation of these solutions was done using 

analytical reagent grade chemicals and distilled water from the laboratory supply. A 

summary of the prepared solutions is shown in Table 5.3. 

Table 5.3 Electrolytes prepared in the in-situ for the electrochemical charging of different samples 

Project Nomenclature Description pH Concentration 

S1 Sodium Hydroxide Solution 13 0.1 M 

S25 Sodium Sulphate solution 2 (buffered with H2SO4) 0.1 M 

 

5.4.2.2 Procedure 

Polished samples were stored in the argon glove box. A sample is removed from the glove box and 

mounted on the electrode assembly in the raised position. Electrolyte was poured into the cell to a 

predefined level. The electrodes are then connected to the potentiostat, which is previously set to 

                                                           
5 The results using this solution are not displayed in this thesis. 
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its “idle” position, and the overpotential required for the experiment is set. The potentiostat state is 

then set to “active” and the electrode assemble is lowered so that the PTFE lid seats firmly on the 

cell. Charging started as soon as the electrodes is immersed in the electrolyte. Table 5.4 summarizes 

the combinations of electrolyte and applied potentials to be used in this work. The charging time has 

been fixed to 24 hours for every sample, based on experience gathered in these materials and 

communicated by colleagues at the University of Queensland [14, 15]. 

 

Table 5.4 Potentials set with the potentiostat for electrochemical charging 

Solution Used Applied Potential @ Hg/HgSO4 (V) 

NaOH @ pH13 -1.628 

-1.828 

-1.928 

-2.228 

Na2SO4 @ pH2 -1.828 

-2.128 

 

 

Once the charging process finished, the sample was removed from the electrolyte and immediately 

dried thoroughly with a high-velocity stream of dry inert gas.  

 

The apparatuses designed and constructed to prepare, store, and saturate with hydrogen the 

different samples to be subjected to hydrogen kinetics study via thermal desorption spectrometry 

have been presented in this chapter. A chemical characterization of the samples to be studied in 

Chapter 7 and a methodology to treat them is detailed. Additionally, instructions for the handling 

and care of the samples have been noted. A brief description of the pieces of equipment used to 

perform the hydrogen charging by electrochemical and gaseous means has been provided. It has 

been found that for both charging processes, once the sample was charged with hydrogen, and in 

spite of being handled with extreme care, substantial amounts of water can be taken up when in 

contact with air. This posed a major problem for the experiments and it will be discussed in Chapter 

6, where a recommendation for a modification in the TDS instrument to avoid this issue is made.  
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CHAPTER 6 PROCEDURE TO MINIMIZE BACKGROUND 

Repeated TDS measurements with Leco standard pins during commissioning demonstrated that the 

instrument performed consistently. However, while testing the first samples charged either 

electrochemically or from gaseous phase atmosphere, it was observed that the mass 2 spectra 

obtained were quite variable, particularly in the region around 350 C. This was observed, despite 

the extreme care taken to repeat the experimental procedure, including: initial base pressures, 

loading times in the UHV and HV chambers and heating ramp. In this chapter, the results of a set of 

experiments performed in order to obtain a better understanding of the influence of the time during 

which the sample is exposed to atmospheric conditions. These findings pointed to adsorption of 

water from the air as the cause. Although the laboratory temperature is tightly controlled (±0.1 C at 

the under-ceiling sensor), the room humidity is not and it cycles according to the air conditioning 

fan-coil temperature and according to the weather, which ranges from very dry to very humid 

throughout the year. The results of this investigation and the effects on the sample handling 

procedure are reported, and an improved loading sample procedure is recommended.  

 

6.1 ORIGINAL LOADING SAMPLE PROCEDURE. 

LECO 5 ppm pins were selected for this investigation, to reduce the number of variables involved. 

LECO pins are, according to their calibration certificates, “stable if stored in its original bottle at room 

temperature” and additionally it is stated that the product can be used “directly from the bottle 

without additional cleaning”. A hydrogen content of 5.3 ± 0.4 ppm is reported on the calibration 

certificate. All the pins used came from the same batch. 

 

The sample holder was cleaned and degassed prior to the measurements, using a lint-free cloth and 

isopropanol. Then the holder loaded into the TDS, transferred to the analysis chamber, heated at 

870 C under UHV conditions for four hours then cooled to room temperature under UHV. 

 

The sample holder was transferred back to the loading chamber, which was held at 1 x 10–8 mbar. As 

previously described, ultra-high purity N2 was admitted to bring the chamber to atmospheric 

pressure, the load-lock door was opened and the mechanical translator was used to grip the sample 

holder with its scissor mechanism and remove it from the chamber into the air. A pin was then 
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placed in the sample holder. Strict care was taken not to touch the pin or holder with bare hands or 

uncleaned implements. This process took a minute or so. The loaded sample holder was 

reintroduced to the loading chamber as described in Chapter 3. 

 

 

Figure 6.1 Schematic of the pin loading operation when retracted 

 

The procedure described above is very similar to those reported by other authors running UHV TDS 

experiments. For instance, Perez-Escobar and co-workers [1-5] follow a procedure consisting of 

washing with water, then with isopropanol, then immediately inserting the sample into a pre-

chamber (equivalent to our loading chamber), where the sample is left for around one hour before 

transferring to the analysis chamber. Similarly, Dong et al. [6] use methanol for removing electrolyte 

from the sample after electrochemical charging, then rinse the sample with distilled water and store 

it in liquid nitrogen. Likewise, Li et al. [7] and Thomas et al. [8] describe the need to store the 

charged samples in liquid nitrogen, with no other cleaning requirement mentioned when testing 

AERMET 100 steel. Their samples are then held under vacuum for 20–30 minutes prior to testing. In 

all these reports there is no evidence of any particular care taken to remove water from the sample 

of avoid the adsorption of adventitious water from the atmosphere. 
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On the other hand, Silvestri et al. [9] did consider the influence of the exposure of their samples to 

atmosphere and integrated a glove box with the high-vacuum loading section. The glove box 

included sensors for the control of relative humidity and temperature within it.  

 

6.2 EXPERIMENTS 

Some experiments were performed to identify the species responsible for the unstable peaks in 

hydrogen emission around 350 °C. Despite water adsorption phenomena on solid surfaces being 

well-known [10], it has been a common practice (as reported in the literature) to load the sample for 

TDS examination immediately after electrochemical charging or following immersion in liquid 

nitrogen aimed at preventing spontaneous desorption at room temperature. In either case, a film of 

water on the sample is to be expected. 

6.2.1 Origin of the background 

During the calibration tests described in Chapter 4, 1 ppm and 5 ppm pin calibration samples were 

tested. The TDS signal was consistent and repeatable for the fresh pins and the area under the 

desorption curve corresponding to the total hydrogen content was quite consistent between pins. 

Therefore a single 5 ppm pin was subjected to each of several trial handling and loading procedures. 

The aim was to distinguish the influence of exposure to air during storage, handling and loading into 

the TDS, without exposure to the electrochemical solution or cleaning agents. The pin was loaded 

following the procedure described in section 6.1. 

 

Figure 6.2 shows the mass 2 spectrum from a fresh 5 ppm LECO Pin. The shoulder at about 350 C 

corresponds to the peak in the mass 18 (water) signal and apparently corresponds to hydrogen 

produced during the TDS process from water remaining on the sample. This water was apparently 

completely desorbed during the TDS measurement. The sample holder was then briefly removed 

from the TDS into the air and reloaded, taking just a minute or so, using the procedure described in 

section 6.1. As can be seen in Figure 6.3, essentially all the internal hydrogen was desorbed in the 

initial TDS measurement. Due to the brief exposure to air, the amount of water adsorbed then 

desorbed is smaller (43%) compared to the fresh pin that had always been stored in air, but still a 

large amount relative to the sensitivity of the instrument. 

 

 



 

129 
 

 

Figure 6.2 Mass 2 spectrum corresponding to a fresh pin 

 

Figure 6.3 Pin spectrum after desorption following the internal procedure 

The next TDS measurement (Figure 6.4) was made on the same pin and sample holder, but without 

unloading the sample and therefore without exposure to atmosphere, but otherwise under the 
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same conditions as the previous measurement. The corresponding spectrum represent the true 

instrumental background, with the rise at the highest temperature probably due to hydrogen 

desorbed from the quartz furnace tube. The pin has been completely desorbed and there is 

essentially no water signal. This result confirms that i) the clean UHV environment does not 

contribute to the signal at intermediate temperatures and ii) the mass 18 contribution arises from 

exposure of the sample and sample holder to atmosphere. 

 

Figure 6.4 Mass 2 spectra corresponding to fresh pin and succesive desorption 

 

6.2.2 Effect of varied air exposure    

The same pin as used in the above experiments was further subjected to a series of experiments in 

which the pin alone or the sample holder was exposed to air for various times.  

 

To test the effect of air exposure on the pin alone, it was exposed to air while the sample holder was 

left in the loading chamber under high vacuum, to prevent the adsorption of water on its surface. 

Figure 6.5 shows the result of exposing the pin to air for 7 hours, then re-loading using the same 

procedure as above. A considerable increase in the mass 2 desorption has occurred, about 23% 

compared to the area of the fresh pin signal. Again, the peak in the mass 2 signal at about 350 C 
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corresponds to the shoulder in the original spectrum. Likewise, there is a marked increase in the 

mass 18 desorption signal, back nearly to the level of the fresh pin. 

 

Figure 6.5 Pin exposure to 7 hours at atmospheric conditions 

 

In the next test, the pin (only) was exposed to atmosphere for 45 minutes (Figure 6.6). The mass 2 

and mass 18 signals were similar in shape to those obtained after 7 hours of exposure, but contrary 

to expected mass 2 and mass 18 signals did not decrease accordingly. While the desorption area 

corresponding to Mass 18 signal did decrease, Mass 2 signal presented a higher desorption area, in 

spite of the considerably lower exposure time to ambient environment.   
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Figure 6.6 Pin exposure to 45 minutes at atmospheric conditions 

  

Finally, an additional experiment was performed to test the influence of the surface area exposed to 

air. This time only the sample holder was exposed to air, for 1 minute, with the pin left inside the 

loading chamber. Figure 6.7 reveals that the amount of water desorbed from the sample holder 

exposed to air for just 1 minute is comparable with the amount desorbed from the pin alone when 

exposed for much longer times. This is understandable, since ratio between the areas of the sample 

holder and the pin is around 15:1. 
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Figure 6.7 Effect observed over the spectra due to the larger surface area of the pin holder compared to the pin alone. 

 

In summary, the results of the investigation into the origin of the background to the mass 2 signal 

show that it comes from adventitious water adsorbed by the sample holder and sample during 

loading. Note that in this case there was no previous exposure to liquid water, suggesting that 

extreme care to remove residual water from the electrolysis process and prevent the adsorption of 

atmospheric water are both necessary to achieve TDS results of high quality. 

 

It has been mentioned by Wei and Tsuzaki [11], while studying hydrogen trapping in 0.05C-0.20Ti-

2.0Ni steel, that the surface quality of the specimens is critical in desorption measurement via TDS. 

The authors electrochemically charged a sample, cleaned it using acetone and measured the 

hydrogen desorption rate in UHV-TDS at room temperature. As expected, the hydrogen desorption 

rate decreased as a function of time in an experiment that lasted 48 hours. The authors then 

repeated the same experiment, but removed the sample from the UHV environment after 24 hours 

(t=24 hours) and exposed it to ambient environment for 5 minutes. Subsequently, the sample was 
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cleaned, following the same procedure, and it was reinserted in the UHV chamber to continue 

testing the desorption rate. It was found that the desorption rate decreased considerably after 

reinsertion. It is remarked by the authors that it took 10 hours to reinstate the corresponding 

hydrogen desorption rate (t=34 hours) measured in the former experiment without interruption. It is 

asserted by the authors that, since both experiments had the same cleaning treatment, the drop in 

desorption rate was caused by some type of surface contamination due to the exposure to ambient 

atmosphere. Even though, no relationship regarding the water signal is given, the results presented 

by Wei and Tsuzaki clearly mention that surface contamination is present after exposure to ambient 

atmosphere and that it is expected that this contamination can be eliminated at higher 

temperatures. It is therefore plausible that the desorption peaks observed at 340 °C for all the 

experiments presented in this section belong to the decomposition of the surface contamination 

formed due to ambient exposure.  

 

Brundle et al. identified  FeIII as the predominant species when Fe surfaces (foils, films) are exposed 

to air or oxygen, although there is evidence of FeII oxides as well. The authors state that Fe3O4 is in 

better agreement with the studies performed previously by Sewell et al. [12] on Fe(100) crystals. 

Additionally it is stated that during the exposure to air, exclusively, hydroxyl formation is evident. On 

the other hand, Lin et al. [13] have reported that the major oxide films formed during high oxygen 

(exclusively) exposure are FeOx, Fe3O4 and FeOOH, being the latter produced by water contamination 

in the UHV chamber. While these studies identify the possible oxides formed on the iron surfaces 

under controlled conditions, it is very likely that a combination of the mentioned oxides is present 

on the surface of the sample exposed to ambient air with a variable increment of the hydroxyl 

component as a function of the ambient conditions.  

 

6.3 BEST PRACTICE 

The experiments just reported make clear the need to avoid water on the sample. While controlling 

the amount of water could lead to a background that in principle could be subtracted from the TDS 

spectrum, the variability in the signal for masses 2 and 18 suggests that it would be very difficult to 

design and maintain such conditions, and that avoiding water altogether is necessary. Certainly the 

idea of a glove box integrated with the loading section is attractive and it is strongly recommended, 

in order to have complete control over the variables (temperature and relative humidity) involved. 

In this environment, the water content could be made arbitrarily low by design. Additionally, such a 
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water-free environment would reduce the pumpdown time of the loading section. Such a major 

modification was not possible within the constraints of funding and time available for this project, 

although a sketch of a suitable configuration is given as Appendix B.  

For the immediate purpose of this project, another option was to extend the precautions taken to 

reduce the adsorption of water by the internal walls of the loading chamber. As explained in section 

4.1.2 a considerable reduction in pumpdown time was achieved by flushing the loading chamber 

with dry UHP nitrogen. The idea was then to handle the sample and sample holder as much as 

possible in the stream of nitrogen flowing out of the open load-lock door.  

 

This procedure was tested on the sample holder with no sample in place. The same experiment as 

before (Figure 6.7) was performed, but this time a stream of UHP nitrogen was blown over the 

sample holder while it was exposed for 1 minute (Figure 6.8). It can be clearly seen that the 

background due to water is much lower, comparable to the case when the sample holder was not 

removed from the UHV chamber at all. The improvement is tremendous relative to the unprotected 

exposure of the same surface area during the same period of time.  

 

This improvement to the sample handling procedure is recommended where an integrated glove 

box is not available as a pre-loading zone. The aim is to minimize exposure of the sample holder (and 

sample, of course) to an atmosphere that could contain water, especially uncontrolled laboratory 

air. Therefore, once the load-lock door is opened to atmosphere, all operations must be performed 

at the very entrance of the 6-way cross (Figure 6.9), in the stream of nitrogen issuing from it. Once 

the sample holder has been loaded with the sample into the loading chamber, a dwell time of 2 

hours, at high vacuum regime, is set before entering them into the analysis chamber (UHV) to start 

the TDS experiment. The dwell-time step is recommended by Wei and Tsuzaki [11] to overcome the 

possible impedance caused by surface contamination during exposure to ambient atmosphere.  
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Figure 6.8 Effect of nitrogen gas blown over the sample holder surface. 

 

 

Figure 6.9 Sketch of the new procedure for sample loading 
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A systematic experimental approach has revealed the deleterious effect of exposure to air of the 

samples subjected to study via thermal desorption spectrometry. Calibration pins were used as a 

testing material and no hydrogen charging was used in order to isolate the effect to exposure to 

ambient environment. A qualitative relationship between the time of exposure and the area of the 

sample has been identified and a modification of the loading sample procedure is tested and proved 

to be effective. At the moment of submission of this Thesis, even the improved methodology 

proposed does not fully control the exposure of the sample to atmosphere. A more rigorous system 

(i.e. glove box) is needed to fully control the environment in which the sample is hydrogen loaded 

either via electrochemical or gaseous means. The effect of the improved methodology proposed 

here is tested in Chapter 7 on commercial steels and the results show an improved reproducibility of 

the data obtained.  
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CHAPTER 7 EXPERIMENTAL RESULTS 

In the previous chapter, experiments with standard samples, aiming to demonstrate the stability and 

sensitivity of the TDS, were reported. Because the discrepancy between the calibration methods 

(which exceeds the contribution from water on the calibration pins) was unresolved at the time of 

submission, absolute values for the hydrogen content of the sample are not reliably available, 

although comparison with standard LECO pins via the integral of the spectrum should give an 

approximate result. On the other hand, Kissinger analysis (Chapter 2) of TDS spectra at several 

temperatures should give good values for the activation energies corresponding to the spectral 

peaks. 

 

In this chapter the results from model materials (calibration pins and low-carbon steel) and industrial 

materials (alloys used by Alstom) are reported. These are preliminary in the sense that, while the 

instrument itself appears to function very consistently, the problems with water on the sample 

reported in Chapter 6 were experienced again.  

 

7.1 MODEL MATERIALS 

7.1.1 Leco Standard Pins: 

Pins with nominal hydrogen contents of 1 ppm and 5 ppm were previously used as calibration 

standards and to establish the sensitivity of the TDS. Here the pins were used as samples with 

consistent hydrogen content to test the application of Kissinger analysis. The LECO pins have the 

further advantages that they have had no exposure to liquid water, are in equilibrium with the 

atmospheric water and have relatively low surface area. Thus the contribution of adventitious water 

should be relatively small, making a clean test of the methodology more likely. 

 

7.1.1.1 Binding Energy Calculation 

Figure 7.1 shows desorption spectra for 5 ppm LECO pins at heating rates of 2, 5 and 10 C min-1. The 

spectral peaks become more intense and move to higher temperatures as the heating rate increases. 
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Figure 7.1 Peak shape variation as a function of heating rate applied during TDS testing. 

 

To resolve the different trapping states for hydrogen within these pins, each spectrum was fitted by 

the sum of three Gaussians peaks, using ORGIN 9® software (Figure 7.2). This procedure effectively 

deconvoluted the spectral components observed experimentally. An iterative trial-and-error process 

was followed until the numerical fitting converges to a pre-set chi-square tolerance factor (1x10–6). 
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Figure 7.2 Spectral peaks deconvoluted as Gaussians. 

 

Figure 7.3 summarizes the determination of activation energies for hydrogen desorption for each of 

the three peaks displayed in Figure 7.2, based on the application of Equation 1.13 to the peak 

temperatures measured at the three experimental heating rates. The slope of ln
�

��
�  vs 

�

��
  provides 

the activation energy for hydrogen desorption for every trapping site, as described in Chapter 1 
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Figure 7.3 Activation energy determination via Kissinger analysis  

 

Table 7.1 Activation energy values for the four spectral peaks derived by the Kissinger method 

Peak Activation energy (kJ/mol) Standard error 

PEAK 1 57 7.7 

PEAK 2 45 1.1 

PEAK 3 46 0.6 

 

Given that Peak 1 (approx. 350 C at 2 C min–1) is probably from surface water and not able to be 

modelled as a simple activated step, the analysis of this peak is probably more complex. Otherwise, 

Peaks 2 and 3 behave sensibly, with the higher-temperature peak having the higher activation 

energy. The determination of binding energies via Kissinger analysis of TDS spectra was one of the 

main aims of the project. The results presented in Table 7.1 are (with the exceptions noted and 

explained) consistent with the theory and represent a demonstration of the capability of the 

instrument to measure the hydrogen kinetics of desorption from iron based alloys. 

7.1.2 Low-Carbon Steel 

Low-carbon steel was selected for TDS analysis as a model material because it is simple in its 

microstructure and extremely well known. Samples were prepared as described in Chapter 5 by 
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electrochemical and gas phase hydrogen charging and the instrument was set up as described in 

Chapter 4. The samples were ground to 1200 grit and no extra polishing was performed over the 

samples, in case wet polishing introduced artefacts into the TDS spectrum. Additionally, due to the 

non-consistent behaviour described in Chapter 6, the samples were vacuum heat treated after 

grinding. The samples were kept whenever possible under a controlled atmosphere prior to testing. 

 

 

Figure 7.4 Description of the sample handling during TDS analysis of low-carbon steels. 

The results presented in this section correspond to two sets of samples. Both sets were treated in 

the same way, except for differing heat treatments, one under rough vacuum, and the other under 

UHV in the TDS itself. 

 

7.1.2.1 Heat Treatment in Rough Vacuum 

Four samples were ground, cleaned with isopropanol, rinsed with distilled water and dried for 24 

hours at 60 °C in air. The samples were transferred to a cleaned quartz tube, 12 mm diameter, with 

one end heat-sealed and the other end connected to a rotary vacuum pump. The samples were left 

under vacuum for four hours and the quartz tube was sealed (by melting) under vacuum, forming a 

capsule. The capsule was carefully located in the centre of a muffle furnace, heated to 650 C at 10 

Machining
• Samples cut to size as described in Chapter 5

Grinding
• Samples ground to 1200 grit, using Si-C emery paper.

Heat 
treatment

• Heat treatment was performed to achieve consistency between 
samples.

Storage
• Samples stored in an argon atmosphere within a glove box.

TDS analysis 
• Controlled conditions as described below.
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C/min, held at this temperature for four hours and furnace-cooled to room temperature. Following 

this procedure, the samples were visually inspected for signs of decarburization or oxidation (Figure 

7.5) and then stored in an argon glove box.  

 

Figure 7.5 Samples contained in the vacuum capsule after heat treatment 

 

From the four samples, two were selected to be electrochemically charged, one was gas phase 

charged and the remaining sample was kept as a reference uncharged and tested as indicated in 

Table 7.2. 

Table 7.2 Experimental design planned for low carbon steel heat-treated under vacuum 

Material Type of Charging 
Condition 

under 
charging 

Consecutive 
Heating 

Rate 
Code 

 

Low 
Carbon 

Electrochemically 
charged/24 hours 

-2.228 mV 1 2 °C/min TESTING-RGA-LC-S1-V4-1-HR2 

-2.228 mV 2 2 °C/min TESTING-RGA-LC-S1-V4-2-HR2 

Gas Phase 
charging/48 hours 

230 bar 1 2 °C/min TESTING-RGA-LC-GP-230-1-HR2 

Uncharged 
As heat 
treated 

1 2 °C/min TESTING-RGA-LC-NS-NV-1-HR2 

 

Figure 7.6 displays the spectra of the four samples tested, and additionally the spectrum of an 

already desorbed (electrochemically charged) sample as a referential background. 
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Figure 7.6 Spectra obtained for the first batch of low-carbon steel heat treated under rough vacuum. 

 

Comparing the electrochemically charged samples to the gas phase charged one (orange curve), it 

can be said that the electrochemical charging process is more effective in achieving saturation of 

hydrogen in low-carbon steel. In the in-set graph presented in the same figure it can be observed 

that a small amount of hydrogen has been absorbed by the electrochemically charged samples not 

far above room temperature. This signal corresponds to weakly bonded (diffusible) hydrogen given 

the temperature range in which it is observed. The electrochemically charged samples track each 

other well up to 200 C. Above 200 C the behaviour changes abruptly and the first sample run 

exhibited a marked peak while the corresponding peak from the other sample has only half that 

intensity. In fact, sample TESTING-RGA-LC-S1-V4-2 tracks the spectrum of the uncharged sample, 

indicating that in this particular sample hydrogen did not reach the more energetic trapping sites. It 

should be noticed that both samples present their highest peak at the same temperature, 326 C.  

 

On the other hand, the gas phase sample behaved strangely. Below 240 C, sample TESTING-RGA-LC-

GP-230-1 follows the uncharged sample, meaning that no hydrogen was introduced during the 

exposure to hydrogen or it diffused out before testing started. Above 240 C, this spectrum 

resembles those of the electrochemically charged samples, but at the highest temperatures is 
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anomalous, being lower than the uncharged sample. This appears to be a “glitch” of the instrument, 

one of the very few observed. 

 

The spectra presented in Figure 7.6 resemble those presented in Chapter 6 for pins exposed to open 

air, on purpose after desorption, in order to identify the water contribution. Figure 7.7 shows a 

superimposition of the spectrum corresponding to a pin exposed to air for 45 minutes, after being 

desorbed in the TDS instrument. Even though the peak desorption temperature is slightly different 

(340 °C), this figure apparently indicates that the major contribution to the spectrum in the region 

above 200 °C corresponds to the exposure to open atmosphere of the gas phase charged samples or 

to the residual water after electrochemical charging. 

 

Figure 7.7 Comparison between the charged low carbon steel and the results presented in Chapter 6 for pin exposed to air 
after desorption. 

It is emphasized that extreme care was taken in handling these samples. The samples were either in 

an inert atmosphere or being charged. The only moment when the samples were exposed briefly to 

atmosphere was during loading into the TDS. This process is quick and, knowing the possible 

deleterious contribution of exposure to air, nitrogen gas was blown over the samples when in front 

of the load-lock door of the loading chamber. It can be reasonably concluded, once again, that the 
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only solution is to have a controlled atmosphere during charging and to integrate a glove box with 

the loading section, as recommended in Chapter 6. 

 

With very few exceptions, the instrument itself produces consistently repeatable results. Tests 

performed by TDS desorbed samples which were briefly exposed to atmosphere in order to get an 

instrument background are displayed in Figure 7.8. It can be seen that the samples track each other 

well and over the entire temperature range, independent of their charging history. The average of 

these curves was used as the instrumental background for low-carbon steel.  

 

Figure 7.8 Spectra corresponding to the desorbed samples. 

 

7.1.2.2 Heat Treatment under Ultra High Vacuum 

Extra samples were prepared in order to verify the findings presented in 7.1.2.1. In this case 

however, instead of rough vacuum the clean UHV environment of the analysis chamber was used as 

the vacuum furnace. Although it required the machining and use of a new type of holder to host 

more than one sample at the same time, the advantages of using the UHV environment were 

evident. First, the contamination of the sample due to oxygen leaks was avoided and additionally the 
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thermocouple is in close proximity to the sample, so there was no doubt about the temperature 

reached during the heat treatment.  

 

It was intended to reproduce the experimentation process described in the previous section, so the 

same sample preparation, cleaning, rinsing and heat treatment procedures were followed. Finally, 

after completing the heat treatment, the samples were briefly exposed to air while they were 

removed from the clean environment of the TDS and temporarily located in a vacuum desiccator 

before being transferred the lab glove box for storage. 

 

Due to the observation of apparent water-derived TDS peaks in the measurements just described, a 

dwell time was added to the standard loading procedure to give more time for the desorption of 

water while inside the loading chamber. On average, the total loading time of charged samples was 

39 ± 8 minutes, measured from the moment the load lock door was closed until the moment the 

base pressure (1x10-8 mbar) was reached. It was determined to extend this loading time to a fixed 

value of 55 minutes, corresponding to an extra dwell time of about 15 minutes.  

 

Four samples were prepared, aiming to test the repeatability of the procedure and to analyse the 

information gathered from the vacuum heat treated samples. Three samples were charged by 

electrochemical means and the remaining sample was charged by hydrogen gas, as described in 

Table 7.3. 

Table 7.3 Experimental design for the samples heat treated under ultra- high vacuum atmosphere 

Material Type of Charging 
Condition 

under 
charging 

Consecutive 
Heating 

Rate 
Code 

 

Low 
Carbon 

Electrochemically 
charging 

-2.228 mV6 1 2 °C/min TESTING-RGA-LC-HTUHV-S1-V4-1-HR2 

-2.228 mV 2 2 °C/min TESTING-RGA-LC-HTUHV-S1-V4-2-HR2 

-2.228 mv 3 2 °C/min TESTING-RGA-LC-HTUHV-S1-V4-3-HR2 

Gas Phase 
charging 

230 bar 1 2 °C/min TESTING-RGA-LC-GP-230-1-HR2 

 

Figure 7.9 shows the measured spectra for the four low-carbon steel samples heat treated under 

UHV conditions. Segregating the three samples electrochemically charged under the same 

                                                           
6 Voltages measured versus the Hg/HgSO4 
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conditions, it can be seen that, despite the fact that a longer loading time has been applied, there is 

diffusible hydrogen trapped in these samples. This assertion is based on the noticeable peak 

observed below 200 C. This peak is present in the three spectra consistently at around 97 C, 

although with variable intensity. Above 200 °C, their behaviour is again consistent regarding the 

peak temperature position, but their intensities are very different. 

 

Regarding the gas phase charged sample, a small peak corresponding to reversible hydrogen is 

present at about 94 C. The shape of the spectrum after 200 C is different form the corresponding 

to electrochemically charged samples of this group. It can be seen that the peaks are located the 

same desorption temperatures though. The intensities of these peaks are rather random.  

 

It is remarkable from Figure 7.9 that the peak associated with surface contamination (340 °C) is 

present in all the samples presented in this section, indistinctly from the hydrogen charging process. 

 

 

Figure 7.9 Spectra corresponding to the ultra-high vacuum heat treated low carbon steel samples 
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By overlapping the spectra of two of the samples heat treated under vacuum conditions, Figure 7.10 

was obtained. The rough-vacuum treated samples are displayed in green solid lines as a reference. It 

can be seen that below 200 C considerably more hydrogen was absorbed by the samples treated 

under UHV conditions. Additionally, the temperature of this peak is consistent and repeatable. 

Above 200 °C the peak intensities vary considerably, without an evident pattern. As stated in the 

previous section, it is strongly believed that the even a slight exposure of the samples to 

atmospheric air produces a strong peak in the hydrogen signal around 335 C.  

 

Figure 7.10 Low-carbon steel – comparison of the heat treatments performed on electrochemically charged samples. 

Figure 7.11 shows the comparison of the spectra obtained from two gas phase charged samples that 

were heat treated either in vacuum or ultra-high vacuum conditions. The rough-vacuum treated 

sample is displayed with a green solid line as a reference. Similarly to the electrochemical charged 

samples, the UHV treated samples absorbed more reversible hydrogen than the rough-vacuum heat 

treated one. A peak is clearly observed at 92 C in the UHV heat treated sample, while the rough-

vacuum treated sample does not shown any peak below 200 C. 
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Figure 7.11 Low-carbon steel – comparison of the heat treatment performed on gas phase charged samples 

 

As a reference, when comparing the amount of hydrogen absorbed by this set of samples, the 

electrochemically charged ones absorb around 2.5 times  more hydrogen than the gas phase 

charged samples, based solely on the area under the desorption curve. 

 

From the results presented in this section, it can be concluded that: i) the sample handling and the 

heat treatment followed in section 7.1.2.2 for the heat treatment under UHV atmosphere is more 

repeatable that described in section 7.1.2.1 for heat treatment under rough vacuum. Even though 

there are inconsistencies above 200 C which can be attributed to exposure of the sample to air, ii) 

the peak of hydrogen desorption observed at 92°C repeats steadily between samples; iii) despite 

strict control of the sample handling, exposure to air is unavoidable with the current set-up available 

in the facilities where the instrument is installed. Apparently even brief random exposure to air 

caused a considerable disturbance of the spectrum obtained. Despite the fact that the improved 

sample handling suggested in CHAPTER 6 has succeeded in reducing the surface contamination from 

ambient exposure, it is also clear that the treatment is not perfect and it is not fully controlled. From 

the results presented by Wei and Tsuzaki [1], it can be proposed that when iron based alloys are 

exposed to air, an impedance for hydrogen desorption of is formed on the surface. This resistance 
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reduces the flow of hydrogen out of the sample and unavoidably affect the TDS spectrum. It is, 

therefore, highly advisable to improve the control of the process for loading charged samples into 

the instrument. 

 

7.2 INDUSTRIAL MATERIALS 

Two commercial materials were used to test the instrument using two different hydrogen charging 

methods. In the following section the results obtained from these samples are presented and the 

experiment design, including the sample handling is discussed. 

 

7.2.1 Group 1 – 3.5NiCrMoV Steel. 

Given that the instrument provided repeatable results when LECO standard pins were tested, as 

described in section 7.1.1, testing a set of notionally identical samples charged and handled under 

repeatable conditions should produce very similar spectra. Four samples of a commercial steel were 

tested (Group 1; Table 7.4). The samples were ground, polished and electrochemically charged as 

described in Chapter 5, but no additional heat treatment was carried out, i.e. the samples were 

prepared as-received. The established repeatability of the instrument itself makes this essentially a 

test of the consistency of the samples themselves and the preparation and handling procedures. As 

usual, great care was taken to make the preparation and handling as consistent as possible. 

 

Table 7.4 Experimental design to test repeatability of Group 1 samples 

Material Type of Charging 
Condition 

under 
charging 

Consecutive 
Heating 

Rate 
Code 

 

Group 1 – 
3.5NiCrMoV 

Steel. 
 

Electrochemically 
charged 

–2.228 mV7 1 2 °C/min TESTING-RGA-G1- S1-V4-1-HR2 

–2.228 mV 2 2 °C/min TESTING-RGA-G1- S1-V4-2-HR2 

–2.228 mv 3 2 °C/min TESTING-RGA-G1- S1-V4-3-HR2 

–2.228 mv 4 2 °C/min TESTING-RGA-G1- S1-V4-4-HR2 

 

The samples were electrochemically charged and TDS tested under notionally identical conditions. 

Figure 7.12 exhibits the now common peak below 200 C from weakly trapped or diffusible 

hydrogen. The repeatability is visually quite good. Qualitatively this peak indicates that the hydrogen 

                                                           
7 Voltages measured versus the Hg/HgSO4 reference electrode 
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saturation procedure via electrochemical means is effective for filling the less energetic hydrogen 

traps.  

 

Figure 7.12. Electrochemically charged samples under the same conditions. Inset plot shows the behaviour at low 
temperature. 

Above 200 C the repeatability is lost, although the absolute signal is fairly small. As can be seen in 

the inset to Figure 7.13, there is no systematic pattern of behaviour, except that some peaks that 

could be associated with water consistently appear with variable intensity. 
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Figure 7.13. Electrochemically charged samples under the same conditions. Inset plot shows the behaviour at high 
temperature. 

 

Restricting the analysis to below 200 C, an meaningful average peak can be obtained (Figure 7.14) 

with an average standard error of 6.98×10–10 mbar and a maximum standard error or 2.52×10–9 

mbar, confirming quantitatively the good repeatability achieved for this set of electrochemically 

charged samples. 
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Figure 7.14 Average curve obtained for the four electrochemically charged samples for Group 1 samples 

 

Given that the samples provided good repeatability when electrochemically charged at a single 

potential applied, at least below 200 °C, an experiment was performed on fresh samples from the 

same group at varying potentials. The potential applied to the sample during electrochemical 

charging is proportional to the amount of hydrogen generated in the electrochemical cell, therefore 

the higher the potential the higher the amount of hydrogen available to be taken up (and trapped) 

by the samples. When calculating the hydrogen desorption energies by using electrochemical 

charging and TDS, the variation in electrochemical charging potentials provides a path to test 

reproducibility of the method. That is to say, if for a given trapping site a binding energy is calculated 

by performing a Kissinger analysis, the reproducibility of the finding is verified by recalculating the 

binding energy using measurements from samples prepared at a different potential during hydrogen 

charging [2]. 

 

Four samples were ground, polished, stored and tested under similar conditions as described in 

Chapter 5. Table 7.5 summarizes the experiments. 
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Table 7.5 Experimental design to test the potential applied during electrochemical charging 

Material 
Type of 

Charging 

Condition 
under 

charging 
Consecutive Heating Rate Code 

Group 1–
3.5NiCrMoV 

Steel. 

Electrochemic
ally charged 

–2228 mV8 3 2 °C/min TESTING-RGA-G1- S1-V4-3-HR2 

–1928 mV 1 2 °C/min TESTING-RGA-G1- S1-V3-1-HR2 

–1828 mv 1 2 °C/min TESTING-RGA-G1- S1-V2-1-HR2 

–1628 mv 1 2 °C/min TESTING-RGA-G1- S1-V1-1-HR2 

 

Figure 7.15 shows the spectra obtained by TDS analysis. Below 200 °C the effect of the variation in 

the potential applied during electrochemical charging can be observed. The highest (i.e. the most 

negative) potential (–2228 mv in sample TESTING-RGA-G1-S1-V4-3-HR2) gave the highest desorption 

peak and the peak intensity decreased smoothly for lower potentials. Importantly, the peak 

temperature did not change significantly as a function of the potential applied during 

electrochemical charging, with an average value 85.09 ±1.67 C. Once again, poor repeatability was 

found at higher temperatures. 

 

 

Figure 7.15 Spectra obtained as a function of the potential applied during electrochemical hydrogen charging 

 

                                                           
8 Voltages measured versus the Hg/HgSO4 
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A fresh set of samples was prepared to measure the desorption from samples charged via gas phase 

at two hydrogen pressures (Table 7.6). 

 

Table 7.6 Gas phase charging for samples of Group 1 

Material Type of Charging 
Condition 

under 
charging9 

Consecutive 
Heating 

Rate 
Code 

Group 1 – 
3.5NiCrMoV 

Steel. 

Gas phase 
charging 

30 bar 1 2 °C/min TESTING-RGA-G1-GP-30-1-HR2 

5 bar 1 2 °C/min TESTING-RGA-G1-GP-5-1-HR2 

 

As described in Chapter 5, the hydrogen gas phase charging consisted of the application of a 

pressure of (molecular) hydrogen gas to the samples to promote the diffusion of atomic hydrogen 

into the metal lattice. Based on the chemical composition of the material of Group 1 and on previous 

studies performed on this type of sample [3-5], it was expected that the gas phase charging would 

put hydrogen into both reversible and irreversible traps. Additionally, from the operational point of 

view, gas phase charging is an attractive alternative to electrochemical charging due to the absence 

of aqueous electrolyte.  

 

The desorption spectra are presented in Figure 7.16. Higher gas pressure led to higher hydrogen 

uptake at all temperatures. Once again, a peak due to diffusible hydrogen occurs below 200 C, but 

in this case, contrary to the electrochemically charged samples, the desorption peak temperature 

varies as a function of the charging pressure. Visual inspection suggests that the higher pressure has 

accessed a second, additional population of trap sites at a peak temperature about 38 C lower. 

Interestingly, the consistency between these two spectra at higher temperatures is very much better 

than for the electrochemically charged samples. 

                                                           
9 Gas phase charging was performed during 48 hours 
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Figure 7.16 Spectra for samples subjected to hydrogen gas-phase charging for 48 hours. 

 

The intensity of the peaks observed below 200 C was of the same order as produced by 

electrochemical charging at the lowest (i.e. least negative) potential (–1628 mV). It is very desirable 

to extend the study of gas-phase charging to lower and higher pressures, but unfortunately a limited 

number of samples were available. 

 

Based on the calibration of the instrument against the LECO standard calibration pins and 

performing a numerical integration of the desorption curves, the estimated hydrogen concentrations 

of the samples presented in this chapter are summarized in Table 7.7. 
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Table 7.7. Hydrogen concentration of Group 1 samples 

SAMPLE CODE CHARGING METHOD CONDITIONS 
HYDROGEN 

CONCENTRATION 
(ppm) 

TESTING-RGA-G1_S1_V4_1_HR2 Electrochemical charging 
V = 2228 mV- Hg/HgSO4 
Heating Rate= 2°C/min 

3.3 

TESTING-RGA-G1_S1_V3_1_HR2 Electrochemical charging 
V = 1928 mV- Hg/HgSO4 
Heating Rate= 2°C/min 

2.8 

TESTING-RGA-G1_S1_V2_1_HR2 Electrochemical charging 
V = 1828 mV- Hg/HgSO4 
Heating Rate= 2°C/min 

2.3 
 

TESTING-RGA-G1_S1_V1_1_HR2 Electrochemical charging 
V = 1628 mV- Hg/HgSO4 
Heating Rate= 2°C/min 

2.3 
 

TESTING-RGA-G1_GP_30_1_HR2 Gas Phase Charging 
P = 30 bar 

Heating Rate= 2°C/min 
2.0 

 

TESTING-RGA-G1_GP_5_1_HR2 Gas Phase Charging 
V = 5 bar 

Heating Rate= 2°C/min 
1.5 

 

 

 

7.2.2 Group 2 – NiCrMo1 Steel 

A similar approach as for Group 1 was followed for these steels. The samples were again prepared 

based on the as-received condition. Once again, the samples were ground and polished as for Group 

1, then the samples were electrochemically charged under the same conditions and tested. Four 

samples were used to test repeatability (Table 7.8).  

 

Table 7.8 Experimental design to test repeatability on Group 2 samples. 

Material 
Type of 

Charging 

Condition 
under 

charging 

Consecutiv
e 

Heating 
Rate 

Code 
 

Observation 

Group 2 – 
NiCrMo1 

Steel 

Electrochemical 
charging 

-2228 mV10 1 2 °C/min TESTING-RGA-G2- S1-V4-1-HR2 No dwell time 

-2228 mV 2 2 °C/min TESTING-RGA-G1- S1-V4-2-HR2 No dwell time 

-2228 mv 3 2 °C/min TESTING-RGA-G1- S1-V4-3-HR2 
2 hours dwell 

time 

-2228 mv 4 2 °C/min TESTING-RGA-G1- S1-V4-4-HR2 
2 hours dwell 

time 

 

As shown by Figure 7.17, below 200 C the repeatability is good, but very poor above 200 C, and 

obviously not suitable for Kissinger analysis. It was therefore decided to suspend the tests and try to 

isolate the reason for the poor repeatability found in the region above 200 C.  

                                                           
10 Voltages measured versus the Hg/HgSO4 
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Figure 7.17 Repeatability tests performed on Group 2 samples. 

A set of uncharged samples was therefore tested. As described in Chapter 6, with the information 

obtained previously when exposing a desorbed pin for different periods of time to open air, it was 

desired to devise a procedure to get a consistent state of the sample. The idea was to simulate the 

after-electrochemically charged state in a sample that was not in fact charged.  

 

The samples are normally stored in a glove box, then each sample is electrochemically charged and 

subsequently rinsed with distilled water, dried with a high-velocity stream of an inert gas, then 

immediately transferred the loading zone where a low-velocity of UHP nitrogen is continuously 

flowing out of the loading chamber. Thus the sample environment is controlled during the entire 

process. Basically this procedure was reproduced with the uncharged samples, starting from the 

rinse step and continuing to the loading step. Additionally, a dwell time of two hours under high 

vacuum in the loading chamber was implemented to minimize the residual amount of water on the 

sample. 
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Table 7.9 Experimental design for uncharged samples from Group 2 

MATERIA

L 

Type of 

Charging 
Condition Consecutive 

Heating 

Rate 
Code 

GROUP 2 

– 

NiCrMo1 

 

None-

uncharged 

samples 

1. Rinse sample with 
distilled water 

 
2. Dry sample with a 

high stream of inert 
gas 

 
3. Minimize the 

exposure time to air 
 
4. Locate the sample 

into the loading 
chamber. 

 
5. Close the load lock 

door. 
 
Pump down period and 
dwell time (2 hours for 
samples 3 and 4) 

1 2 °C/min TESTING-RGA-NS-NC-1-HR2 

2 2 °C/min TESTING-RGA-NS-NC-2-HR2 

3 2 °C/min TESTING-RGA-NS-NC-3-HR2 

4 2 °C/min TESTING-RGA-NS-NC-4-HR2 

 

  

Figure 7.18 Uncharged samples from Group 2 
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As can be seen in Figure 7.18, little success was had with the first two samples; the spectra were not 

repeatable, even when extreme care was taken in handling the samples. Then with sample TESTING-

RGA-NS-NC-3-HR2 and sample TESTING-RGA-NS-NC-4-HR2 the spectra obtained were somehow 

much more reproducible. It was decided to electrochemically charge some samples following this 

new handling procedure.  

 

Figure 7.19 shows the spectra obtained when performing the handling procedure described in Table 

7.9 for two samples. The spectra are more reproducible than in the first set of samples, although 

below 200 C there is an inconsistency in the peak temperature which, given the repeatability 

observed in this temperature range with so many samples suggests that inconsistency between the 

samples themselves is the cause. The procedure described was adopted as the standard procedure 

to run this group of samples and an attempt was made to perform a Kissinger analysis by applying 

different heating rates. 

 

  

Figure 7.19 Desorption spectra obtained after following the new procedure for sample handling. 
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A fresh set of three samples was prepared in order to test them at 5 C/min and 10 C/min. (Table 

7.10) and the results are presented in Figure 7.20. 

 

Table 7.10.Experimental design for Kissinger analysis 

MATERIAL Type of Charging 
Condition 

under 
charging 

Consecutive 
Heating 

Rate 
Code 

Group 2  
NiCrMo1 

Steel 

Electrochemically 
charged 

-2228 mV 6 10 °C/min TESTING-RGA-G1- S1-V4-6-HR10 

-2228 mv 7 5 °C/min TESTING-RGA-G1- S1-V4-7-HR5 

-2228 mv 8 5 °C/min TESTING-RGA-G1- S1-V4-8-HR5 

 

Disappointingly, there is no logical consistency between the spectra. It is concluded that the samples 

from this group are not uniform and need a heat treatment prior TDS testing to give 

homogeneousness to their microstructure. 

 

  

Figure 7.20  Spectra obtained from Group 2 samples at 2 °C/min, 5 °C/min and 10 °C/min heating rates. 
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Parallel to the electrochemical charging, gas-phase charging was performed on four fresh samples 

(Table 7.11). 

 

Table 7.11 Summary of the experimental design planned for the gaseous phase charging over the Group 2 samples 

MATERIAL 
Type of 

Charging 

Condition 
under 

charging 
Consecutive Heating Rate 

Code 
 

GROUP 2 
– NiCrMo1 

 

Gas Phase 
Charging 

1 bar 1 2 °C/min TESTING-RGA-G2- GP-1-1-HR2 

30 bar 2 2 °C/min TESTING-RGA-G1-GP-30-1-HR2 

100 bar 3 2 °C/min TESTING-RGA-G1-GP-100-1-HR2 

200 bar 4 2 °C/min TESTING-RGA-GP- S1-200-1-HR2 

 

 

As can be seen in Figure 7.21, the spectra obtained from this set of supposedly identical samples are 

completely inconsistent. Comparing Figure 7.21 and Figure 7.18, the hydrogen levels detected 

almost correspond to uncharged samples. These results reinforce the conclusion that the samples 

from Group2 are inconsistent and would need heat treatment to achieve a consistent microstructure 

and give repeatable results.  

  

Figure 7.21 Spectra obtained after gaseous charging of Group 2 samples. 
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7.3 SUMMARY 

The experimental results for “real” materials were disappointing. The many tests performed to 

isolate the reasons for obtaining inconsistent results on samples subjected to the same treatments 

indicate that extreme care must be taken to control the adsorption of water in order to make high-

quality measurements. Despite this high level of care, poor to very poor results were obtained for 

the commercial steels. The strong conclusion from these experiments is that the samples themselves 

were inconsistent. The results for model and standard materials were much more encouraging. Heat 

treating low-carbon steel in UHV conditions led to much better repeatability between samples and 

trends in response to changed charging conditions that made sense. 
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CHAPTER 8 SUMMARY, CONCLUSIONS AND 

RECOMMENDATIONS 

8.1 SUMMARY AND CONCLUSIONS 

 

An advanced thermal desorption spectrometer (TDS) suitable for the study of the kinetics of 

hydrogen desorption from steels and other commercial materials has been designed, built and 

tested. This instrument is able to facilitate the study of hydrogen embrittlement in steels and 

corrosion in general due to its high sensitivity and flexible design. The instrument has been 

successfully commissioned by the utilization of commercial hydrogen standards traditionally used by 

hot extraction technique instrumentation. 

 

The TDS described is not only able to easily measure residual hydrogen contents at or below 1 ppm, 

but also is able to provide valuable information either qualitatively or quantitatively about the 

sorption of species by materials. A simple proof of its high sensitivity is the detection of hydrogen 

generated catalytically from atmospheric water adsorbed by the sample during brief exposure, in 

the order of seconds, to the air. This sensitivity created many problems for this project, but it also 

opens new horizons to take advantage of the capabilities of this instrument. 

 

An intended advance over previous instruments, integration of a calibration manifold for leaking gas 

into the analysis chamber at a known rate, was achieved, but at the time of submission agreement 

between this approach and the integrated spectrum of a standard pin had not been reached. 

 

Using model steels (LECO standard pins and low-carbon steel heat treated under UHV conditions), 

the repeatability of the TDS spectra between runs was clearly established. Repeatability was 

particularly good below 200 C, corresponding to diffusible hydrogen taken up by the sample. Above 

200C, adventitious water was a minor contributor to the TDS spectrum of the standard pins, but a 

major, perhaps dominating contributor for other steels. It was concluded that the instrument itself is 

highly consistent and that variations in spectra observed are nearly always associated with the 

sample, its preparation and its handling. 
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The experimental results for “real” materials were disappointing. The many tests performed to 

isolate the reasons for obtaining inconsistent results on samples subjected to the same treatments 

indicate that extreme care must be taken to control the adsorption of water in order to make high-

quality measurements. Despite this high level of care, poor to very poor results were obtained for 

the commercial steels. The strong conclusion from these experiments is that the samples themselves 

were inconsistent. 

 

 

8.2 RECOMMENDATIONS 

 

Although the instrument presented here is suitable for the scope planned at the beginning of the 

project, there is the possibility of further improvement, and the need for further work both on the 

instrument itself and on best-practice procedures for preparing, handling and loading samples to 

achieve repeatable, meaningful results. 

 

The gas phase calibration needs refinement and further experimental work to achieve agreement 

with the total hydrogen content calculated by integrating the TDS spectrum of a standard sample. 

The experimental set up for this important part of the instrument is sound and slight modifications 

could improve the calibration obtained. 

 

Probably the most advantageous improvement in the overall performance of the instrument will 

come from integrating a handling stage for preparing and loading samples in an inert and very dry 

environment. This modification not only will minimize the currently unpredictable background of the 

instrument when testing steel samples, but also would turn a disadvantage into a strength for future 

projects in different areas of science. 

 

Although it is obviously desirable to be able to measure “real” materials, the outcome in this case 

was confused, because the materials themselves appeared to be inconsistent in their hydrogen 

absorption characteristics. This is possibly a significant factor in predicting and controlling hydrogen 

embrittlement in structural steels. To study particular classes of materials by TDS, it is practically 
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necessary to first ensure that the materials are ideal in that they are prepared in a standard, 

reproducible state. The benefit of doing this was clearly seen in the brief study presented here of 

low-carbon steel heat treated under UHV conditions. Then good science can be done and that will 

lead to better understanding and eventually better commercial outcomes. 
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APPENDIX A: THERMAL DESORPTION SPECTROMETER-CONCEPT AND 

COMPONENTS 
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APPENDIX B: GLOVE BOX SKETCH 
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