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ABSTRACT

The hydrogen diffusion understanding has assumed great importance due to hydrogen
embrittlement related problems.

This thesis has investigated, with electrochemical permeation tests, the hydrogen diffusion
into APl 5L X65 pipeline steel with three metallurgical microstructures. It has a dual
purpose:

e critical analysis of hydrogen permeation techniques;
e the application to three different microstructures.
The main results are listed below.

The charging transient analysis (Devanathan and Stachurski's method standardized in ISO
17081) gives an apparent diffusion coefficient Dy, strongly influenced by metal-hydrogen
trapping effect and cathodic surface electrochemical alteration. Indeed Dyyp values are
affected by high dispersion, they are insensitive to microstructural variations and they
result at least one order of magnitude lower than lattice diffusion coefficient.

Diffusion coefficient measured during the first part of discharge is sensitive to
microstructural variations, it is less influenced by trapping and electrochemical alterations,
it is higher than D4, and only slightly lower than D, estimated with other procedures.

Cathodic current partial charge and discharge procedure (Zakroczymski's method) shows
less experimental data dispersion, it gives experimental curves perfectly symmetric
(intrinsic reproducibility) which follow diffusion Fick's laws. The obtained D values can be
reasonably assumed as "true" lattice diffusion coefficient of materials. These values are
sensitive to microstructural variations.

Martensitic (quenched) X65 steel has D, about 3 times lower than bainitic (quenched and
tempered) X65 steel and about 14 times lower than ferritic pearlitic (annealed) X65 steel.

In conclusion, the electrochemical experimental procedure adopted in this project consist
of: 1) Dapp estimation during hydrogen charge; 2) D estimation during hydrogen partial
charge and discharge; 3) D, verification and hydrogen content estimation (in lattice and
reversibly trapped sites), during hydrogen discharge. This procedure leads to reliable and
meaningful results in permeation phenomena.
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RIASSUNTO DELLA TESI

La comprensione delle modalita di diffusione dell'idrogeno nei materiali metallici ha
acquisito una notevole importanza a causa delle problematiche legate all'infragilimento da
idrogeno. Cio ha portato alla formulazione di modelli matematici descriventi il fenomeno e
di procedure sperimentali opportunamente allestite per approfondire le conoscenze su di
€sso.

Nel presente progetto di tesi sono state eseguite prove di permeazione di tipo
elettrochimico su un acciaio al carbonio per condotte del tipo API 5L X65 trattato
termicamente per ottenere tre diverse microstrutture. 1l progetto ha avuto un duplice scopo:

e lanalisi critica delle tecniche di misurazione del coefficiente di diffusione
dell'idrogeno;
o l'applicazione di queste tecniche a tre differenti microstrutture metallurgiche.

| risultati dei transitori di carica, indicati nella norma 1SO 17081, forniscono un
coefficiente di diffusione apparente D,y fortemente influenzato dagli effetti
dell'intrappolamento dell’idrogeno nel metallo e dalle alterazioni elettrochimiche
superficiali del catodo. | valori di Dy, infatti sono affetti da elevata dispersione, non sono
sensibili alle variazioni microstrutturali e risultano essere almeno un ordine di grandezza
piu bassi del coefficiente di diffusione reticolare.

I coefficienti di diffusione misurabili durante la prima parte della scarica di idrogeno sono
meno influenzati dall'intrappolamento e dalle alterazioni elettrochimiche, sono sensibili
alle variazioni microstrutturali e risultano essere solo leggermente inferiori ai coefficienti
di diffusione reticolare D, stimati mediante altre procedure.

| transitori di carica parziale e di scarica parziale, ottenibili mediante la procedura suggerita
da Zakroczymski, forniscono delle curve sperimentali che seguono molto bene le curve
teoriche secondo il modello di Fick, mostrano un'intrinseca riproducibilita sullo stesso
provino e una contenuta dispersione su provini diversi. Il coefficiente di diffusione cosi
ottenuto pud essere ragionevolmente considerato il "vero" coefficiente di diffusione
reticolare D.. Questi valori sono sensibili alle variazioni microstrutturali e, anche se
leggermente maggiori, sono paragonabili a quelli desumibili nella prima fase di scarica
dell’idrogeno.

In particolare, e stato misurato un D, per l'acciaio X65 martensitico (temprato) circa 3
volte piu basso dell'acciaio X65 bainitico (temprato e rinvenuto) e circa 14 volte piu basso
dell'acciaio X65 ferritico-perlitico (ricotto).

In conclusione la procedura sperimentale di tipo elettrochimico adottata consiste: 1) stima
del Dapp nella fase di carica dell’idrogeno; 2) stima del D. nelle fasi di carica parziale e
scarica parziale dell’idrogeno; 3) verifica del D, e stima della quantita di idrogeno,
permeante sia nel solo reticolo sia anche attraverso trappole reversibili, nella fase di scarica

11



dello stesso. Tale procedura fornisce risultati affidabili e significativi riguardo i fenomeni
di permeazione poiché e in grado di eliminare gli elementi di disturbo presenti e di
separare i fenomeni reticolari da quelli di intrappolamento reversibile.

12



INTRODUCTION

This thesis is part of a research activity devoted to study the hydrogen diffusion in pipeline
steels.

The background of this research is related to previous studies of the same research group in
which pipeline steel specimens has been electrochemically charged with hydrogen and
submitted to mechanical tests, fatigue and fracture toughness. One of the main results of
this research program was that the effect of the hydrogen on mechanical properties of
steels can be related to the diffusion rate of atomic hydrogen.

The present research project is carried out with permeation tests. In the previous thesis the
efforts were focused on the diffusion coefficient measurement, and in particular on the
development of a standard procedure to measure it properly. This thesis represents a
continuation of this effort, and it consists to study the hydrogen diffusion and trapping
processes into APl 5L X65 pipeline steel with three metallographic microstructures by
means of the permeation tests. It has a dual purpose:

. critical analysis of hydrogen permeation techniques;
. the application to three different steel metallurgical microstructures.
The present thesis work is composed by seven chapters.

In the first chapter the role of corrosion and hydrogen embrittlement in Oil & Gas industry
are presented, with particular attention to sour environment, hydrogen damages and
relation between hydrogen and mechanical properties.

In the second chapter, the interaction between hydrogen and steels (hydrogen evolution
and adsorption/absorption), starting from the solution to the absorbed state into the metal,
with appropriate models and theories, is illustrated. Then, relations between hydrogen
solubility and relevant environmental variables are pointed out.

The third chapter presents mathematical models which are used to describe hydrogen
diffusion, with specific equations and relations. Diffusion with and without traps is
distinctly considered.

The fourth chapter is dedicated to trapping phenomenon. Various trapping definitions and
classifications are proposed and a literature research concerning microstructure-hydrogen
diffusion relationship are presented, with appropriate final comments.

The fifth chapter deals with permeation techniques. In particular, Devanathan and
Stachurski's experience is analyzed in detail, because it represents the starting point for all
the following hydrogen permeation experiments. Then evolutions of this technique are

13



considered, with special attention to ISO 17081 standard and Zakroczymski (“partial
transient™) procedure.

In the sixth chapter the heat treatment of the material, the metallurgical characterization of
different microstructures and the sample preparation are explained. The second part is
dedicated to the explanation of the peculiar permeation procedure adopted including
detailed information on data acquisition and storage.

The seventh chapter includes all the results with the related discussions. The chapter is
divided in the analysis of permeation techniques described previously and their application
to different steel microstructures. Some relevant conclusions are pointed out.

14



1) HYDROGEN EMBRITTLEMENT AND DAMAGES

1.1 Corrosion in oil & gas industry

Nowadays corrosion is one of the main problems of Oil & Gas industry because it
represents a risk for the environment and for the employees of related companies. The
costs of prevention, monitoring and remedial actions due to corrosion phenomena are
remarkable. In order to lower these costs oil companies invest substantial resources to
develop more performing materials and to increase the know-how about plant protection
against corrosion. Moreover the huge increase of oil and gas demand is leading to exploit
hydrocarbon resources in more severe conditions (e.g. arctic sites or deep off-shore). This
represents a further engineering challenge for corrosion engineers too.

In the oil & gas industry corrosion engineers must face problems that are common to many
other environments, such as general corrosion, corrosion by galvanic contact, erosion
corrosion, microbiological corrosion, and others that are specific to the oil industry, as CO,
and H,S corrosion (corrosion in sour environment) [5], [6], [7].

The present work will deal with a specific aspect of the corrosion in sour environment, i. e.
the penetration and diffusion of atomic hydrogen into metallic materials causing
embrittlement.

Moreover hydrogen embrittlement can be promoted by cathodic reaction of hydrogen
evolution in specific condition, as acid corrosion (pickling) or cathodic polarization
(overprotection).

1.2 Sour service

In hydrocarbon environments, hydrogen embrittlement acts preferentially in sour service, a
condition given by specific values of H,S and CO, concentration. In Figure 1.1 sour
service definition according to new NACE Mr0175/ ISO 15156 standard diagram is
represented [1], which easily allows to distinguish between different service zones. The
standard also gives guidance in the selection of proper material.

15
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Figure 1.1 - ISO 15156 diagram for the environmental severity [1], [2].

The diagram considers H,S partial pressure on the x-axis and in-situ pH on the y-axis
(function of CO, concentration). It is divided into four regions (0, 1, 2, 3), representing
environmental aggressiveness from the sweet service to the severely sour service.

Specific effects of H,S in the hydrogen solubility will be expressed in detail in Chapter 2.

Also the temperature plays an important role, indeed the embrittling effect of hydrogen is
reduced at higher temperature. This benefit can be used for example to decrease material
requirements if the temperature of exposition is continuously above 65°C [6].

1.3 Typologies of hydrogen damaging

When condensed water phase and high values of H,S and CO, partial pressure are
simultaneously present, carbon steels are susceptible to hydrogen embrittlement. In the
following paragraphs how hydrogen atoms can impair steels properties once they enter in
the metallic lattice are illustrated.

In order to fully understand the mechanisms of hydrogen embrittlement which cause the
damages described below, a substantial analysis should be done. This is not the aim of this
thesis and particularly of this introductive chapter, which wants only to contextualize the
experimental work done.
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1.3.1 Hydrogen induced cracking (HIC)

Hydrogen induced cracking is intended as the deterioration of the properties of the
materials caused by hydrogen atoms that enter and diffuse into the metal and which may
develop without any residual or applied stress. Atomic hydrogen into the lattice tends to
accumulate in particular sites, called trap sites. Segregation bands or elongate inclusions
along rolling direction allow accumulation and recombination of hydrogen to form
molecular hydrogen H,. This reaction is characterized by a great expansion of the products
and the increased pressure leads to local deformation of the metal.

Formation of microcracks or blisters (Figure 1.2 on the left) don't alter mechanical
properties of the material; only the coalescence of blisters or microcracks activates the so-
called stepwise cracking (SWC), with the typical stepping form shown in Figure 1.2 on the
right.

ﬂ| ‘ IIII| 11 ‘HI\IHlllplu‘\r‘l\llll\|H|I\H|\II| H”“||H”J”‘Hr”“""”“‘”'”‘J' H‘u' ‘—
1. 15 B 17 18 19 Uz12i 23 24 25 282728293031‘

A e o s

* — -

Figure 1.2 - On the left, example of blistering; on the right, SWC typical form [2].

In order to limit HIC, low inclusion content material should be used, especially without
elongated manganese sulfide inclusions. Therefore steels to be used in sour environments
are produced with a very low content of S and P and are treated with calcium or rare earth
in order to produce spheroidal inclusions.

1.3.2 Sulfide stress cracking (SSC)

Sulfide stress cracking occurs on susceptible metals when specific environmental
conditions are verified, such as H,S presence and external applied stress or also residual
stress. Cracking happens due to the interaction between tensile stresses (not critical in
sweet environment) and atomic hydrogen inside the metal. Sour service makes the

situation critical because H,S increases greatly the absorption of hydrogen usually present
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outside the metal, related to corrosion phenomena. This mechanism will be deeply
analyzed later. The interaction stress-hydrogen impairs the ductility of the material and
enhances the cracking probability.

Relations between sour environment and SSC of low alloy steels can be evaluate in Figure
1.1, referring to 1SO 15156 [1] for specific severity and material selection.

The most SSC susceptible steels are high-strength and high-hardness steels. The choice of
the proper steel should be done looking the acceptable hardness limits to avoid SCC, such
as 26 HRC for quenched and tempered low alloy steels [6].

A particular form of SSC acts in soft areas of heat affected zones of welding, in which
staggered small cracks are formed approximately perpendicular to the principal stress
(external or residual), resulting in a "ladder-like™ cracks array [6]. This SSC form is named
stress oriented hydrogen induced cracking (SOHIC).

1.4 Importance of diffusion coefficient in fatigue properties

Fassina at alii [3], [4], [8], [9] investigated the influence of hydrogen on toughness and
fatigue properties of APl 5L X65 and 2 ¥ Cr 1 Mo steel, namely ASTM A182 F 22.
Hydrogen charged and uncharged samples were tested at different temperatures and
frequencies.

Hydrogen effect is evident, the hydrogen charge causes embrittlement and crack growth
acceleration in all the considered conditions: in particular in fatigue tests, low frequencies
allow H to migrate at the crack tip, as a consequence hydrogen embrittlement effect on
crack growth rate is enhanced; low temperature reduces the mobility of hydrogen in the
lattice (i.e. reduce diffusion coefficient), decreasing the embrittlement effect. The resulting
crack growth rate can be expressed as the sum of a mechanical contribution (frequency
dependent) and a second due to hydrogen effect (time dependent). When crack growth rate
increases, the “mechanical” contribution prevails because hydrogen atoms do not have
enough time to accumulate at the crack tip: as a consequence crack growth rate is no longer
hydrogen dependent.

In particular the results presented in [6], [7] exhibit a remarkable aspect: the charged
specimens show, in da/dN - AK diagram, a fatigue crack growth kinetic faster than
uncharged ones and a peculiar behaviour, with a plateau similar to "Stress Corrosion
Fatigue" [10]. Since the fatigue tests were performed in inert environment, the controlling
process (K and time dependent) could not be Stress Corrosion Cracking, but it is probably
due to bulk hydrogen diffusion to the moving crack tip.
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From these tests emerge the leading role of diffusion rate, strictly related to diffusion
coefficient, in the explanation of temperature and frequency influences on the fatigue crack
propagation rate.
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2) HYDROGEN SOLUBILITY AND DIFFUSION

2.1 Hydrogen evolution and absorption

Hydrogen can be easily picked up by many metals from environment in different
situations. Among all the possibilities, relevant examples are:

e if molecular hydrogen H; is present in the surrounding environment

e during electrochemical processes when hydrogen develops as reaction products
(e.g. pickling or electroplating)

e during cathodic protection (especially in the case of "overprotection™)

e in the presence of hydrogenated species (HzO", H.S, etc..), which can be reduced
during corrosive processes

It is possible to divide these cases in two main entry ways: the former is chemical
adsorption (or chemisorption) and the latter involves electrochemical reactions.

2.1.1 Chemical adsorption

Due to high temperature, some metallic alloys show an increased solubility of atomic
hydrogen. This can be observed during working process or during service.

This phenomena involves chemisorption of H, on the surface, which subsequently
dissociates in the atomic form:

H (gas) <> Hj ads <> 2 Hads <> 2 Haps

with the concentration Hgps following the well-known Sievert's law [11]:

3400
Cy = 0.00185 (P)?° exp(— T)

Cn = concentration of hydrogen atoms into the metal
P = H; pressure in the environment

T = temperature
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The key of the process is high chemical affinity between hydrogen and metal, H-Me; since
the reaction doesn't involve electron exchange, hydrogen solubility is given by metal
crystalline structure and atomic packing. Adsorbing process is promoted at low
temperature. Nevertheless, activation energy barrier for the adsorption requires high
temperature, so the reaction can happen only in a suitable range of temperature.

2.1.2 Electrochemical adsorption

Corrosion phenomena on the metallic surface implies anodic oxidation of metal and
cathodic reduction. In acidic solutions, without other oxidant agents, like oxygen, the
reduction of hydrogen ion represents the most common cathodic reaction.

The most agreed mechanism regarding hydrogen evolution consists of:

1) initial reduction step, which leads to the chemisorption of the hydrogen on the surface
[12],[13]:

H™ (sol) + & <> Hags (Me) (Volmer's reaction)

2" a) chemical or electrochemical recombination of adsorbed hydrogen to molecular
hydrogen:

Hads (Me) + H” (sol) + & « H; (gas) (electrochemical or Heyrovsky's reaction)

Hags (Me) + Hags (Me) < Hj (gas) (chemical or Tafel's reaction)
Heyrovsky's reaction shows great variations with metal potential, while Tafel's reaction is

kinetically influenced with low surface coverage and it has threshold reaction rate.

2" b) adsorbed hydrogen may also penetrate into the metal:

Hads <> Habs

Particular environmental aspects stabilize adsorbed hydrogen atoms, thus they promote
their absorption into the metal lattice.
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Figure 2.1 shows all the possible steps in the hydrogen reduction process [14], where the
conditions of interest are usually the discharge step (4), the recombination passage (5), and

desorption, or entry, step (6).
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Figure 2.1 - Processes of hydrogen evolution and absorption [14].

McBreen and Genshaw [14] calculated the various rate expressions for the reaction paths.

2.2 Models of hydrogen entry

Two models for explaining hydrogen entry into the metal have been proposed.

The former, by Bockris and Thacker [14], considers that the hydrogen enters the same
elementary form as it exists on the surface (atomic state).
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In the latter model hydrogen enters directly from a discharged proton (hydrogen ion) and
does not pass through the intermediate adsorbed phase. These models are schematically
shown in Figure 2.2.

f4) Absorotion from Hiods)

i {abs )

-
Figure 2.2 - Models for hydrogen entry into metals. (A) Absorption from atomic hydrogen, (B)
absorption from protons [14].

In the Bockris-Thacker model the absorption step and chemical desorption (recombination)
step are competing. In the second model, the hydrogen ion is discharged and passes
immediately into the metal with no intermediate reactions involved, so the competing steps
are absorption and electrochemical reduction.

Horiuti and Toya [14] have described two models (Figure 2.3) of hydrogen chemisorption
that relate to the two models seen above. In the so-called r-type adsorption, similar to
Bockris-Thacker model, the hydrogen adsorbed atoms are outside the electronic cloud but
immediately atop a corresponding metal atom. The bonding is largely covalent with the
hydrogen being the slightly negative member of the dipole. In the s-type absorption,
similar to proton adsorption model, the hydrogen adatom is partly inside the electronic
cloud of the metal. The hydrogen behaves more like a proton dissolved in the surface layer
(within the electronic cloud of the metal) and the bonding is more ionic with positive
charged hydrogen. This situation represents a higher energy state than r-type adsorption,
but lattice defects and other surface imperfections significantly reduce the energy and
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promote s-type adsorption. From experimental measurements McCright [14], found that r-
type adsorption dominates at low hydrogen coverages, s-type at high coverages.
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Figure 2.3 - Models for chemisorbed hydrogen.

2.3 Role of environmental variables

The rate of hydrogen absorption reaction strictly depends on the chemical potential of the
adsorbed and absorbed phases, and in particular the concentration of adsorbed hydrogen.

From an experimental point of view the extent of the hydrogen absorption reaction is
controlled by:

e the pH and composition of the solution

e the temperature

e the presence of certain species called "promoters™ that catalytically favour
hydrogen absorption

e the potential of the metal and hence the current density

e the presence of stress

Metallurgical variables will be considered in another chapter.

2.3.1 Effect of solution composition

At the corrosion potential the hydrogen entry Kkinetics increase with the solution acidity. In
alkaline solutions a cathodic potential must be applied to affect hydrogen entry: indeed the
corrosion potential in these solutions is above the reversible potential for hydrogen
evolution. Moreover, when hydrogen adsorption rates from acid and alkaline solutions
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with the same current or applied overpotential are compared, the rate is much higher in the
acid solution. In other words, the lower the pH is, the higher the entry rate will be.

When all other environmental conditions are the same, the anion sometimes alters the
hydrogen absorption reaction. From the work of Hudson ([15], quoted in [14]), shown in
Figure 2.4, the absorbed hydrogen in a low carbon steel is higher in H,SO, solutions,
followed by HCI, then H3PO,4. You have to note that temperature plays an important role,
increasing Kinetics of absorption.

It is necessary also to consider the possibility that anions shift the potential in the noble
direction, slowing down the hydrogen evolution and absorption reactions, as in the case of
high concentrations of nitrate ion [15].

It is important to report that at moderately acid pH values the presence of acetate seems to
improve the hydrogen entry kinetics. The permeation rate of hydrogen cathodically
charged from a pH 4.5 acetate buffer is considerably higher than the one charged from a
sulfate solution of comparable pH and ionic strength [16]. This last idea has been used in
the experimental set up of the present thesis work and it is also reported in the NACE
standard for SSCC testing [6].

| | | | I
All Concentrations: ZN

[H] Absorbed from Pickling Bath

Figure 2.4 - Effect of anion on the hydrogen absorption in a low-carbon steel [14].

25



2.3.2 Role of hydrogen promoters

Many species have the capability of increasing the kinetics of the hydrogen entry into iron,
steel and ferritic alloys. The significant feature is that some species can largely increase
hydrogen entry kinetics even in very small quantities.

The names "cathodic poison™ and “cathodic promoter” are applied to these species because
they are said to poison the evolution reaction and therefore to promote hydrogen
absorption.

Compounds and elemental form of Group V-A (phosphorus, arsenic, antimony, bismuth)
and Group VI-A elements (sulfur, selenium, tellurium) are prominent among these species.
Other species which increase the hydrogen permeation are halide ions in acid solution,
cyanide ion in alkaline solutions, and the aromatic hydrocarbon naphthalene. Under
specific circumstances salts of heavy metals such as mercury, tin, and lead have been
reported as enhancing hydrogen entry.

Some properties of these species are:

e stable hydrides such as H,S, H,Te, H,Se, PH3, AsHj;

e iodide, sulfide and cyanide ions strongly adsorb to metal surfaces;

e As, Sh, Hg, Bi, Pb and Sn have very low exchange current density for hydrogen
evolution;

e cyanide, arsenic compounds, H,S and PH3 are extremely toxic to biological entities.

Newman and Shreir [17] proposed a relative effectiveness scale of the poisoners,
irrespective of experimental conditions adopted:

S>P>Se>Te>As

which is in the order of their strengths and binding energies of the correspondent hydrides.

The two scientists also focused on the kind of compounds which can increase hydrogen
entry, finding out the hydride phase is the responsible.

As the elongation is proportional to the amount of hydrogen absorbed, Smialowski et alii
[14] measured the elongation of iron wires charged with hydrogen in the presence of
promoters. They obtained the following intensive (elongation per atom H) effectiveness
order:

S>P>AS>Se>Sh>Te>Bi
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Kawashima, Hashimoto and Shimodaira [13] focused their attention on the way hydrogen
sulfide acts as a promoter: it adsorbs on the steel increasing protons reduction since it
forms intermediate products as follows:

HZSads +te — HZS_ads
HZS_ads + H+ads - HZS_Hads
HZS_Hads - HZSads + Hads

H,S modifies the usual way to obtain Hags (Volmer's, Heyrovsky's or Tafel's reactions)
catalyzing hydrogen reduction and originating intermediate specie Fe—H2S—H".

2.3.2 Role of potential

The potential of a surface greatly influences the hydrogen evolution and absorption
reactions and affects surface coverage.

From a thermodynamic point of view, the activity or fugacity of hydrogen on the solution
side of the interface establishes Haps cOncentration; however, Nernst equation should not be
used for the calculation, because it concerns only thermodynamic equilibrium where
oxidation and reduction rates are the same; differently, in the present situation kinetics of
the reaction influences potentials (overpotentials).

Specifically, with the following reaction:
H +e — % H, (gas)

its equilibrium potential (Eeq), evaluated with Nernst equation, is:

_ RT aH+
Eeq = Eo+ ——IN——77

(fu,)?

being:

Eeq = equilibrium potential of the reaction
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Eo = standard potential of the reaction (vs SHE), 298 K and unitary activity for liquid and
solid species and 1 atm pressure for gaseous species

F = Faraday constant

R = universal gas constant

T = temperature

fu, = gaseous hydrogen fugacity

an+= hydrogen ion activity

gaseous hydrogen fugacity at 1 atm, modified counting H* present in the solution, can be
expressed with the following equation:

F
fu, = exp(—2n ﬁ)

with:
n = electrode overpotential (negative quantity)

Looking at the two equations, taking into account reaction of paragraph 2.1.2 and constant
electrolytic pH, it is possible to see that H, fugacity increases with overpotential.

Also an increase of the temperature leads to growth of fugacity, but this increase should be
very high, out of hydrogen embrittlement susceptibility range of temperature (see the
Paragraph 1.2).
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3) MATHEMATICAL MODELS

3.1 Diffusion without traps

Diffusion of hydrogen atom in a ferritic (bcc) lattice occurs through interstitial sites with
the octahedral sites being preferentially occupied at high temperatures and tetrahedral sites
at low temperature [18], [19], [20]. In an ideal homogeneous single crystal, without any
kind of defects, the depth of the potential wells and energy barriers between adjacent
interstitial sites will be uniform and the flow and the distribution of hydrogen atoms in the
material may be derived from the solution of Fick’s first (stationary condition, Eq.1), and
second law (not stationary condition, Eq.2) for monodimensionl flow:

. 6C
j= D5 1)
5¢ _ . &%
5 DPoe 2)

J = flux of diffusible hydrogen;

D = diffusion coefficient of diffusible hydrogen;
C = concentration of diffusible hydrogen;

t = elapsed time.

The solutions of the Fick’s laws depend on the system geometry and on a set of boundary
conditions. The geometrical model and the boundary conditions that simulate in the best
way the Devanathan and Stachursky electrochemical method (see Chapter 5) for the
measurement of the diffusion coefficient of hydrogen in metals are:

1. a membrane of finite thickness, x=L, and in-plane dimensions (y, z) much larger
than L;

2. C=Cyp at x=0 and C=0 at x=L for any value of the time, t, i.e., the concentration of
hydrogen atoms at the input side of a membrane is constant at all times (i.e.
equilibrium between the surface coverage and sub-surface hydrogen atom
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concentration is established instantaneously) and the concentration is zero at the
output side.

Under the given boundary conditions it is possible to derive the flow of hydrogen at the
exit side in function of the time in adimensional numerical form in two ways:

i 2 & [ @+
e ®

i 12 (el

0 n=1

where j is the time dependent flux, j. is the steady state value, 7 is the dimensionless time
parameter z = D#/L* and L is the membrane thickness [21], [22]. Equation (3) for the
normalized flux is the Laplace solution and equation (4) represents the Fourier solution.
Both equations give equivalent results if enough steps in the summation are used [23]. ISO
17081 [21] suggest n =6 in order to have an accurate estimation.

As mentioned above, Eq 3 and Eq 4 are valid if the concentration of hydrogen on the entry
side is constant; if the boundary condition on the input side is a constant flux then the
normalized flux is given by [24]:

i —1\n 2.2
o0 g Ly GV [_ (@n+1)*n r] )

=0 (2n+1) 4

Joo

All these equations are very useful since they provide a mathematical model of the anodic
flux in a Devanathan and Stachurski cell as a function of time. This relation is used to
explain permeation curves, as the example in Figure 3.1:
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Figure 3.1 - Permeation curve of hydrogen.

In particular, a typical curve uses hydrogen oxidation current density i on the anode as a
measure of the flux.

3.2 Calculation of diffusion coefficient

Once permeation curve as the one shown in Figure 3.1 is available, the diffusion
coefficient can be calculated by using a variety of methods [21], [25]. Among the most
widespread, there are:

e  The time lag represents the specific time with a corresponding current of 0.6299 of
stationary current iss:

LZ
tlag = G_D

e  The breakthrough time represents the elapsed time extrapolating the curve with
the linear portion of the rising permeation curve:
LZ
tb =
15.3D
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Starting from these specific values, it is possible to generalize the formula as follows:

LZ

t=—
MD

Where M is a constant depending on the time t that corresponds to different values of the
ratio j/j..

If you determine D it is possible to calculate, for a given steady state permeation rate, the
subsurface hydrogen concentration in the membrane at the entry side, e.g. quoted in [59]:

i L M
C, (ppm) = =—x—-10°
o (Ppm) D < (6)

Pre

Where:

I, = steady state current density;
F = Faraday constant;

My = atomic weight of H;

Pre = density of iron.

3.3 Diffusion with trapping

In real materials the depth of the potential wells and the height of the energy barriers are
not uniform throughout the lattice because of the existence of grain boundaries, carbide
particles, inclusions, dislocations and other sites that can act as traps for hydrogen atoms
due to the depth of their potential wells. Traps essentially act as sinks for hydrogen atoms
during hydrogen charging of a material. Fick's second law for pure diffusion is no longer
valid and a more comprehensive treatment is required.

Some models have been developed, e.g. [28] and [29], considering both diffusion and
trapping. This last aspect has been treated as a reaction of specific sites with hydrogen
flowing across the material. In these models traps can be reversible or irreversible,
saturable or not saturable (see Chapter 4), moreover each kind of trap can have a different
reaction rate constant and activation energy.

A very comprehensive treatment would embrace a complete description of all types of
traps requiring a definition of the different types of sites, the number of sites per unit
volume and the average time of transfer among sites for each type of site. The most
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comprehensive approach to this problem was developed by Leblond and Dubois [26], [27]
based on a statistical approach diffusion, but the generalized equation contains too many
unknown parameters for practical application. A more tractable set of equations can be
obtained making some assumptions:

e the probability of capture is the same of each kind of site

e a metal contains three kinds of site: diffusion sites, reversible traps and irreversible
saturable traps.

e every trap site is surrounded by normal diffusion sites (no direct path between trap
sites)

These assumptions can lead to equations not analytically solvable, but numerical treatment
was being pursued; a deeper analysis should go beyond this thesis purposes.

Solution of a reduced set of equations have been proposed by McNabb and Foster [28]
who considered only reversible traps, by lino [31] who considered both reversible and
irreversible traps but only of one kind (only one reaction rate constant) and by Oriani [29].
In order to clarify the meaning of the terms “lattice diffusion coefficient” and “apparent
diffusion coefficient”, that are very important in the interpretation of the experimental
results of the present thesis, an overview of Oriani's model is exposed in the following
paragraph. Hereafter the term "apparent diffusion coefficient”, D4y, Will be used rather
than "effective diffusion coefficient”, Des; , When it is possible.

3.3.1 Oriani's model of hydrogen permeation

Oriani [29] defines two kinds of existing sites (Figure 3.2): the vast majority of sites are
the ordinary or normal (interstitial) sites characterized by normal enthalpy of solution with
respect to an atmosphere of gaseous hydrogen. The minor fraction of the sites is called
extraordinary or trapping sites, and it provides an energetically favored environment for
occupancy by the hydrogen.
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Figure 3.2 - Model for trapping site [29].

Due to the small ratio of extraordinary to the normal sites, we can assume that traps
population doesn't appreciably reduce the cross-section for diffusion in the normal lattice.

dcy,

J=—=DL—~ (7)
where:

cL = hydrogen concentration upon normal lattice sites

D, = homogeneous lattice diffusivity

If we consider also the presence of extraordinary sites:

dc
J= - Dapp dx (8)

where:
¢ = hydrogen concentration upon normal lattice sites plus trapping sites (cr)
Dapp = apparent diffusivity

A fundamental assumption of Oriani is local equilibrium between the hydrogen in lattice
sites and the hydrogen in trapping sites. This assumption means that the chemical
potentials must be equal: p_ = pr. In Oriani’s model no consideration on the Kinetics of
hydrogen reaction with trapping sites is made so it is valid only for equilibrium conditions.
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The equilibrium between the two atomic populations can be described by the equilibrium
constant K = ar/a,, where ar and a, are the activities of the hydrogen upon the trapping and
the normal sites, respectively.

Assuming no interaction between occupied sites, each of the two activities can be
expressed in terms of fraction of the available sites (6;) : aj = 60i/(1 - 6;), which becomes
a; = 0; if 6; —0. Furthermore, since we are considering very low percentage of occupied
normal sites due to huge number of sites, 6. << 1, the equilibrium constant can be
expressed as:

o= 2 () ®

Remembering that ¢ = ¢. + cr and using the equations shown, apparent diffusion
coefficient can be correlated to lattice diffusion:

— dc, _ Dicy,
Dapp - DL dc - cL+ CT(l—eT) (10)

Defining Nt and N as the number of trapping and lattice sites per unit volume, ¢ = N; 6; ,
it is possible to modify Eq 10 in order to have apparent diffusivity independent of the
hydrogen concentration:

Dy,

D = ——
app 1+KNp /Ny,

(11)

Eq. 11 gives the possibility to easily understand how modification of one of its parameter
alters the Dqpp value. For example an increase of lattice sites makes Dayp greater, while
more trapping sites or a higher equilibrium constant decrease it. However, D,y value is
always smaller than D, value.
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3.4 Desorption Analysis

When the cathodic current is interrupted, the decay transient starts. Nanis and Namboodhiri
[30] analyzed this part of permeation test. They understood that decay transient is a source
of additional information regarding the diffusivity and solubility of hydrogen in the
membrane. In particular, the time integral of flux at the exit side reflects the total amount
of hydrogen extracted at this side. They considered two limiting current drop decay
transient, the fastest and the slowest extraction. The slowest extraction is developed
assuming that the entry side become impermeable to hydrogen after current interruption,
which is not the case of our experimental apparatus.

The fastest extraction, with the proper initial condition to Fick's second law:

X
C= g1 =
(12)
and the assumption that the concentration at the input side is assumed to drop
instantaneously to zero upon input current interruption, gives the following solution:

-~ 1 _1 (—2n + 1)?
1-2 Z M 2T Zexp —I
— 4T

(13)

The Eq. 13 is equal to 1 - Eq. 3. This model predicts what may happen in the anodic part in
the ideal diffusion of hydrogen, i.e. lattice diffusion, no traps. In the real case the decay
transient is affected by trapping phenomena (reversible traps, see Chapter 4), which modify
the shape of the curve.

Zakroczymski [59] slightly modified Eq. 13 in order to use it in his partial build-up and
partial decay permeation curves (see paragraph 5.3). He performed the rising transient and
the decay starting from a steady-state current density (after a long permeation), so the
build-up and decay equations, in terms of current density, become:
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where i, is the measured rate at time t, ipo the initial steady-state permeation rate (t=0), i,”
is the new steady-state permeation rate (t go to o). Later in the thesis (Chapter 5) the
reasons to make this kind of permeation, and its effect on the hydrogen diffusion, will be
explained.
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4) MICROSTRUCTURAL EFFECTS ON DIFFUSION AND
TRAPPING

4.1 Traps definitions and classifications

Oriani in [34] defined traps as any structural imperfection or impurity atom with which
dissolved hydrogen interacts attractively causing the hydrogen atom to spend more time in
its vicinity than at a normal lattice site, chiefly because the activation energy for escape
from a tight-binding site will be increased approximately by the binding energy.

It is impossible to find a univocally accepted way to classify different traps. A list of the
most relevant classifications is reported below.

As a first attempt to organize traps in different classes, Pressourye's definition [32], [33]
may be employed: a reversible trap is one at which hydrogen has a short residence time at
the temperature of interest with an equivalent low interaction energy. On the other hand,
for the same conditions, an irreversible trap is one with a negligible probabilities of
releasing hydrogen. Reversible traps include grain boundaries, dislocations and microvoids
[40]. Irreversible traps include non-metallic inclusion (e.g. Al,O; complex(Fe,Mn)S or
double oxide FeO.Al,O5 inclusions and Si-ferritic carbide [40]) and precipitates (e.g.
precipitates of Ti(C,N), Nb and V such as TiC, TiN, TisC,S; and VVC [40], [41], [47]).

A further classification of the different trap sites based on the binding energy of the trap

with hydrogen in a body centered cubic a-Fe lattice shows three main categories of traps
[35]:

e very weak traps (binding energy ~ 20 kJ/mol): dislocations and fine precipitates in
the matrix;

e intermediate traps (binding energy ~ 50 kJ/mol): martensite laths and prior
austenite grain boundaries;

e strong traps (binding energy =~ 100 - 120 kJ/mol): non metallic inclusions,
spherical precipitates, interfaces or martensite laths and/or prior austenite grain
boundaries with retained austenite, fine precipitates or impurity segregation;
hydrogen trapped in these sites is released only at high temperatures.

Frappart et alii [36], in a martensitic steel, listed four different scales of potential trap sites
(Figure 4.1):
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e the macroscopic scale (prior austenite grains, grain boundaries);

e the lath scale (interface density, lath size);

e the precipitates scale (precipitate density, coherent/incoherent precipitate, strain
field);

e the dislocations scale (dislocation density, hydrostatic pressure).

R Block boundary

Block
Block boundary

Figure 4.1 - Microstructural characterization of martensitic steel [36].

Figure 4.2 illustrates the trapping energy for each of these trapping sites, AEr., found in
literature [36], expressed in eV. The relation between AEr. and AE,, the activation energy
for moving from a lattice site an adjacent one, is schematically shown in Figure 4.3.
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Figure 4.2 - Trap binding energy for a martensitic microstructure [36].
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Figure 4.3 - Schematic view of energy relations in hydrogen-metal system [36].

A distinction between saturable and nonsaturable traps has also been made [20]:

e in asaturable trap it is possible to accommodate only a finite number of atoms, due
to its physical nature (e.g. grain boundaries and dislocations);
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e in a nonsaturable trap it is possible to accommodate infinite number of atoms (e.g.
voids).

According to Krom and Bakker [20], the two main trapping effects are to increase the
apparent hydrogen solubility and to decrease the apparent diffusivity. The authors justified
these two trends explaining that when steel is in physico-chemical equilibrium respect to a
fixed external chemical potential of hydrogen, it will absorb hydrogen to the solubility
limit of the lattice, while a further quantity of hydrogen will occupy the traps. Equilibrium
is established when the chemical potential of the hydrogen distribution in lattice and trap
side and the external chemical potential become equal. Thus, the apparent solubility (total
hydrogen concentration) may be significantly higher than the lattice solubility. A trapped
hydrogen atom must acquire a substantially larger energy than the lattice migration energy
to escape the trap. Consequently, in the presence of trapping, the apparent diffusivity will
be lower than the lattice diffusivity.

4.2 Microstructures and hydrogen diffusion

In this paragraph, the influence of different microstructures on hydrogen diffusion is
evaluated with literature review. At the beginning, the most interesting results are listed by
authors and explained, at the end the most relevant paper results are summarized in a table
reported in ANNEX.

These results come from the permeation techniques explained in Chapter 5, which is
strongly correlated to the present one because the former is necessary to understand the
latter and vice versa. In particular, see Devanathan and Stachurski's permeation method in
order to properly understand these results. Nevertheless, the main parameters related to
permeation phenomenon are briefly recalled below.

4.2.1 Luu and Wu

Luu and Wu [37] carried out electrochemical permeation measurements on annealed mild
steel (C=0.05%) and on a S45C medium carbon steel (C=0.45%) in four microstructures in
order to improve the knowledge of hydrogen transport in steels presenting different
composition and microstructure.

After an initial charging run, in the second permeation transient they measured three
parameters, i.e. the permeation rate, defined by:
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where i’ is the steady-state permeation current density, n is the number of electrons
transferred, F is the Faraday's constant, L is the specimen thickness, /,is the steady-state
flux, t; is the time lag, Dayp is the apparent diffusion coefficient and Cgyp is the apparent
solubility.

Their results are reported in Table 4.1.

Table 4.1 - Permeation rate, diffusivity and solubility for the sample with constant charging current
of 10 mA cm™ [37].

Alloy JooLapp (Mol H m™ s%) | Dagp (M?s) Capp (Mol H m®)
Annealed mild steel |4.67x10™° 1.05x107 0.44
Annealed S45C 3.49x10™° 2.96x10™° 1.18
Normalized S45C | 3.58x10™° 2.78x10™° 1.29
Spheroidized S45C |3.93x10™° 3.50x10™° 1.13
Quenched S45C 1.82x10™° 3.70x10™ 4.92

In the same heat treatment condition, the D coefficient is greater in mild steel than in
S45C. For the other microstructure of 0.45 C steel, D values slightly decrease from
spheroidized to normalized and annealed sample (almost equals), while the quenched
sample is one order of magnitude lower. The apparent hydrogen concentration is maximum
in martensitic microstructure, it is about three time lower in spheroidized, in normalized
and in annealed S45C and it is minimum in annealed mild steel.

The decrease in permeation rate and effective diffusivity in the steel with higher carbon
content is explained in terms of FesC acting as an obstacle to steady-state and unsteady-
state transport. Moreover the effective diffusivity decreases as the carbide distribution
becomes more finely divided. The lowest permeation rate and diffusivity for medium
carbon martensitic structure are due to the amount of induced imperfections in
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supersaturated bct structure after quenching, which delay the hydrogen diffusion and act as
obstacles to the hydrogen flux.

These authors used hydrogen microprint technique to study hydrogen distribution in the
material microstructure and possible diffusion paths. These results suggest that the main
diffusion paths of hydrogen are grains, carbide-ferrite interfaces in pearlitic and
spheroidized steels, and lath interfaces in martensitic steel. Accelerated diffusion along
grain boundaries was not observed in carbon steel. This last aspect justifies the
mathematical assumption not to consider direct paths among extraordinary sites.

Hydrogen trapping sites are carbide-ferrite interfaces in pearlitic and spheroidized steels,
and a lath interfaces and dislocations in martensitic steel.

4.2.2 Park et al.

Park et alii [39] focused their efforts to understand the effect of microstructure on
hydrogen diffusion in common linepipe steel equivalent to APl 5L X65 grade [62]. In
order to achieve this goal, they performed four different thermo-mechanical treatments on
a microalloyed C-Mn steel (C=0.05%) as shown in Figure 4.4, they characterized the
microstructure and evaluated hydrogen diffusion behaviour by the electrochemical method.

These authors make some relevant remarks regarding the efforts and the experimental
cautions required to obtain reliable and reproducible results.

The results are listed in Table 4.2.

Table 4.2 - Hydrogen permeation data [39].

Specimen | Microstructure| M/A fraction | JssL (mol Hm™s?%) |  Dapp (M?s?)
Al F/DP 1.28 1.33x10°® 9.27x10™°
A2 FIAF 5.73 8.47x10° 4.05x10°
A3 F/DP 0.88 1.29x10°® 9.38x10™
A4 F/B 4.45 1.20x10°® 4.44x10™°

F, ferrite; DP, degenerated pearlite; AF, acicular ferrite; B, bainite; M/A,
martensitic/austenitic.

43




The D values (presumably evaluated in first permeation tests, the most influenced by
trapping phenomenon) show F/DP values almost equal to 10°. F/AF and F/B diffusion
coefficient values are about half of the F/DP ones. JssL values are very far from Luu and
Wu values.

The authors commented the results ascribing all the difference among different
microstructures to trapping, i.e. the lower the values of Dap, and JsL are, the more the
hydrogen trapping occurs. Then, on the basis of their results, they state that acicular ferrite
and bainite act as reversible trapping sites, with trapping efficiency increasing in the order:
degenerate pearlite, bainite and acicular ferrite.

In their paper they also reported cathodic potential evolution during time (Figure 4.5),
which decreases sharply at the beginning (about 20 minutes), but then it seems to stabilized
to -690 mV vs. SHE. However the potential change varies about 20 mV.

reheating » controlled » accelerated
1180°C rolling cooling
1180°C f------ ~12°Csec!

austenite
single phase region

austenite + ferrite
two phase region

Temperature

Steel A3
Steel Al

Steel A4
Steel A2

Time

Figure 4.4 - A schematic graph of heat treatments performed on samples [39].
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Figure 4.5 - Change in potential of the cathodic cell with time during the permeation test [39].

4.2.3 Requiz et al.

Réquiz et alii [38] studied the effect of plastic deformation (not reported here) and heat
treatments on hydrogen permeation of common carbon steel pipe, APl 5L X52, 1 mm
thickness. The results of permeation techniques, Dapp, are shown in Table 4.3.

The D values found are very low compared to the previous works, with maximum values
for as received and quenched microstructures (very similar) a minimum result for the
normalized sample and a middle value, near to minimum, for annealed. This table also
reports the dislocation density analysis result made by TEM because the authors associated
the permeation density values with this dislocation parameter and thanks to it hydrogen
diffusion is favoured in quenched material array dislocations.

This result shows a reverse trend compared to other works and they gave an odd
justification of it. Indeed all the Dsp, measured are in the same order of magnitude
(maximum- minimum ratio of about three), a very low difference if we consider the
intrinsic low reproducibility of measurement method.
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Table 4.3 - Dislocation density and apparent diffusion coefficient (time lag) [38].
Condition Dislocation density Diag (M?/5)
As received | 7x10° 3.02x10™
Normalized | 6x10° 9.84x10™
Annealed 3x10° 8.96x10™
Quenched 2x10™ 3.76x10™
4.2.4 Haq et al.

Haq et al. [40] investigated the effect of microstructure and composition on hydrogen
permeation in pipeline steels. They made an interesting summarizing work of several
previous experimental researches done on pipeline steels (API 5L from X52 to X100),
which is reported in Table 4.4. Some comments can be done on it: there is not any
correlation between the steel grades and permeation parameters. Moreover D values varies
in a three orders of magnitude range for steels with very similar composition (they are all
C-Mn microalloyed steels).

Table 4.4 - Summary of permeation parameters for pipeline steel in literature [40].

Steel  Solution  Coating Microstructure Method D(107“m’s™) J= molHm s~ x1077) JelmolHm 's™* 107"  Cup
(mol Hm™)
X700 O05MH.S0, + Hi F+AF Time lag 0.263 9,85 76 288
X100 250 mgl NaAsO, Hi F+B Time lag 0.01 265 14 134
X6E  NACE Pd DP/AF/B, % M/A, % Breakthrough 4,05 =94 0.8-14 13-28
F+AF 812 53
F+B 938 445
F+DPF 375 128
F+DF 393 0.88
X70  NACE Pd F+DF+ AF,F+ AF + BF Breakthrough 0.5-43
X52 NACE Pd F+PF AF+P Breakthrough 0.15-0.24 26 x 10°
74
X65 01N MNAOH Q&ET Time lag 0.9-0.9
X65 NACE F+F Breakthrough 2.4 57
B +M/A Breakthrough 11 201
F+F Time lag 25 55
B+M/A Time lag 12 156
APl NACE Pd F+P,F+B,F+AF Breakthrough 3595
X80 05MH:804 Pd F+BF+ MA Time lag 0.2 52 26
X70 01N NAOH Pd F+P+M Time lag 0.73-0.79

In the experimental part of [40], they worked on X70 pipeline steels, performing
microstructural characterization and electrochemical technique (first and second transient).
In particular, they prepared X70 samples with different Mn content (standard X70,
Mn=1.14%wt and MX70 grade, Mn=0.5%wt) and from different regions of the original
steel bar (edge and centerline). Some samples are obtained from transfer bar, others from
hot rolled strip. Their results are shown in Table 4.5.
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Table 4.5 - Microstructural and permeation results [40].

JssL. (mol H 10| Diag (10_10 Capp
Specimen | Microstructure ﬁ;’fgﬁgss m? st x 107 51?73) Fﬁs(}c m?/s) (mol
10) Second Hm?)
X70 Edge F+P 198+7 |166+0.25 |197+0.09 [1.77+0.06 |0.84
F (more uniform |,
X70 bigger grains than
Centreline Edge) + P 187+8 |1.65+£0.23 [225+0.19 |2.06+0.17 [0.74
MX70 Edge [F+P 187+6 |195+025 [1.70£0.04 |1.57+£0.03 |1.2
F (more uniform |,
MX70 bigger grains than
Centreline Edge) + P 186+3 |155+0.35 [1.71+£0.04 |1.52+0.03 |0.90
X70 B
Edge F+B 170+6 |167+0.16 |2.10+0.19 [(1.33+0.31 |0.80
X70 B
Centreline F + Granular B 189+3 234+0.20 [3.05+0.17 |2.15+0.30 |0.77
X70
Normalized
TB F+P 142+9 |242+0.03 |4.01+0.02 (3.82+0.13 |0.60

F, ferrite; P, pearlite; AF, acicular ferrite; B, bainite;

They concluded that the high or low values of diffusivity are strictly related to the effect of
fineness, precipitates and dislocation density, that is to say for example, the medium strip
showed the lowest diffusivities due to the combined effect of a fine grain size and a high
density of (Ti,Nb)C,N precipitates. On the contrary the normalized bar showed the highest
diffusivity due to its large ferrite grains and a very low dislocation density. However, as in
the case of Réquiz [38] described above, the different diffusivity has very similar values,
which do not represent the real big microstructural variation properly.

The authors observed that the first transient current, after it had reached its maximum, it
continuously decreased. Moreover the second transient didn't reach the same permeation
current as the first steady state values ( Figure 4.6). They ascribed this behaviour to the
absence of Pd coating on the anodic side which allows the formation of an oxide layer,
provoking a barrier effect, as Manolatos found [42].
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Figure 4.6 - First and second polarization transient [40].

4.2.5 Norena and Bruzzoni

Norena and Bruzzoni [49] performed hydrogen permeation tests (four temperatures for
each kind of sample) on P91 steel with five different microstructures. P91 steel is a
modified 9 Cr-1 Mo steel which contains Nb and V as microalloying elements. Samples of
this steel were heat treated as shown in Table 4.6.

Table 4.6 - Thermal treatments performed on the P91 steel [49].

Expected

Designation Description micfrostructure

Austenized at 1040 °C, air cooling, tempered

AR (as received) at 780 °C

Tempered martensite

. e o~ : As quenched
AC (air cooled) [AR + austenitizing at 1050 °C, air cooling martensite
T300 AC + tempered at 300 °C 1h Tempered martensite
T500 AC + tempered at 500 °C 1h Tempered martensite
FC (furnace AR + annealed at 970 °C 40 min + annealed at . .
cooled) 775 °C 4 h + furnace cooled Ferrite + carbides

Gas phase charging and electrochemical detection were used, the following table
summarizes the results. The diffusion coefficient has been estimated with characteristic
tangent time twn and lag time ti,g for both build up and decay transient. The Authors state
that: “..for a given metallurgical condition and temperature, the values of the diffusion
coefficient depend on the method of determination. The lowest value is always the one
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obtained from the tangent time of the permeation rising transient. The highest value is that
from the tangent time of the decay transient”. The ratio between these two values ranges
between 1.14 to 5.4 (mean value 3.4).

Table 4.7 - Apparent hydrogen diffusion coefficient [10® cm?® s *] of the P91 steel subjected to gas

phase charging (p = 1 bar) [49].

Condition Temperature Dmﬁ_P ﬂhﬂ__r_ P Dian 4 Dm d
] 201 2.88 440 2.06

Sl 1.48 3.10 405 356

) 1.83 2.35 4,66 2.69

e .48 2.90 406 3.43

- - 561 6.80 12,5 7.41
a0-C 373 7.50 114 8.48

139 13.8 30.8 153

Ll 9.04 17.1 16.7 165

) 052 0.93 1.02 0.92

Sl 0.97 1.18 129 1.15

wema 05 0® 1312

1300 - 2.02 2.92 339 278
. 321 .65 430 3.40

) 6.50 8.67 214 7.40

Ll 916 10.5 10.4 8.81

) 0.05 0.13 0.26 0.13

L 0.04 0.00 021 0.12

) 0.06 0.12 0.30 0.14

1500 e 0.05 0.10 022 0.13
0-c 0.19 0.35 0.85 038

. 0.16 0.31 0.62 0.34

oec 053 0.90 2.04 0.88

0.46 0.82 153 0.84

) 0.46 0.99 1.04 0.85

Sl 0.43 0.83 226 0.93

) 0.49 1.00 154 0.81

e 0.48 0.90 2.16 1.15

AL . 1.52 2.67 5.83 2.34
s0°C 1.48 2.63 6.08 278

437 7.93 123 6.22

7n-C 431 6.66 13.8 597

) 1.25 2.50 5.83 277

Sl 1.27 2.42 6.88 3.02

) 1.49 2.57 6.60 275

e 1.47 2.51 6.83 3.08

FC - 402 722 160 6.61
s0-C 1.99 6.50 18.1 6.81

118 196 30.9 140

7n-C 116 15.1 424 15.9

The authors measured the diffusion coefficient at three different temperatures: 30, 50 and
70 °C and observed that the hydrogen steady state flow increases as the test temperature
increases and the time needed to develop the permeation transient decreases as the
temperature increases (Figure 4.7). Moreover they found an Arrhenius type dependence of
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the permeation coefficient ( ® =dyexp (- Eo/RT) ) on the temperature with an
activation energy of 34-38 kJ/mol.
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Figure 4.7 - Hydrogen permeation rising transient (T500 condition) [49].

From Table 4.7, it is possible to see that, fixing microstructure and temperature, the values
of diffusion coefficient always depend on the method of determination. About the
microstructure, they found that the highest values of the diffusion coefficient are observed
in the AC and FC conditions. They noted that these microstructures (quenched martensite
and annealed ferrite respectively) are very different concerning microhardness and XRD
peak (see Figure 4.8). The same is observed also with T300 and AR conditions, which
have almost the same D value in spite of markedly different tempering conditions. It is
clear that there is no correlation between the hardness and the diffusion coefficient, as
Figure 4.8 illustrates. The lowest diffusion coefficient is verified for T500 condition with a
value about 20 times lower than FC condition. Diffusion coefficients for different
microstructures do not follow the order of the usual dislocation density which is presents in
a given microstructure, so the authors suggest that the fine precipitated carbides present
play the main role in hydrogen trapping, while the dislocations have a secondary effect.
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Figure 4.8 - Relationship between hydrogen diffusion coefficient, Vickers hardness and FWHM of
the a-Fe [100] peak for different metallurgical conditions [49].

4.2.6 Other results

Other relevant outturns are summarized below and put in a resuming table in ANNEX with
other related information such as the employed solutions, exit side coating, and
electrochemical parameters.

Ly et al. [42] analyzed very high strength steels with hydrogen permeation, due to their
susceptibility to hydrogen embrittlement. They found, like other scientists did, that the
finer the microstructure is, the lower the diffusivity is, or better, looking at the considered
steels, the higher mechanical properties are, the higher the fraction of volume of austenite
is, the lower diffusivity is. Furthermore, they observed that diffusivity is systematically
higher when calculated from decay. They attributed this behaviour to trapping and surface
problems during build-up transient, which shows a lower value. They also noted surface
condition evolution at the entry side, probably due to surface degradation (oxide barrier) or
hydrogen evolution.

Dong et al. [44], [45] estimated the diffusion of hydrogen and density of traps in X70 and
X100 steels, focusing on the healing treatment of cracks induced by hydrogen charging of
X70 and the HIC behaviour of X100.

Ramunni et al. [46] studied the nature of three morphologies (pro-eutectoid ferrite + fine
pearlite, spheroidized structure and aged structure) of the cementite as trapping sites at
27°C in SAE 1008 type, low carbon steel. The results showed that hydrogen is reversibly
trapped in each case and also that the kinetics of H permeation in low carbon steel is
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considerably altered by the morphology of the cementite, presence of fine cementite in the
aged ferrite increases solubility and reduces H diffusivity in the studied steel. When
arranged in layers as in the pearlite, it increases the diffusion coefficient and reduces
solubility. On the other hand, the spheroidized structure presents intermediate values in
comparison with the previous values. Binding energies in the interval of 10-50 kJ/mol H
are obtained, corresponding to the weak and strong interaction of H with the trapping sites.

The results reached in the Parvathavarthini's paper [35], concern the analysis of hydrogen
diffusion in F22 ferritic steel with water quenching, air cooling or furnace cooling heat
treatments. They can be summarized as follows: the apparent diffusivity shows an
ascending trend with increasing degree of tempering due to annihilation of lattice
imperfections, reduction in grain boundary area and reduction Cr and Mo solute content
during tempering.

In order to give completeness to my research, in Figure 4.9 the result of comprehensive
review made by Woodtli and Kieselbach is reported [48].

O

@ <O (o}

S F o O &

m\%\ﬂf@ \biéo a,&?:b o O $c§‘\% 01(3’,\\9

o O
& ¢f & & ©° S o
¥ & X 9 A S A\
10_4 | [ | 1 1 1 1 L 1
Fa
101
w 105 (i) —
:;* =
£ 102 e
S, £
: .—
S 106 & e 5
g A 2 e
- , §
S A — 108 .2
S A £
= 107 5
8 o o S S—C L, g
E © B, — 104 o
@ A E
S 10 =
h\ 105
109

Iron Martensite  Bainit Fine pearlite

Figure 4.9 - Hydrogen diffusion coefficient in differently structured steels built up during hydrogen
loading (solid line) and effusion (dotted line) [48].

In conclusion, the diffusion coefficients measured with Devanathan and Stachurski's based
method on the complete permeation curve is very dispersed and not much reproducible.
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This poor reproducibility is evident also into a single set of tests. The resulting diffusion
coefficient is influenced, as efficaciously resumed by Haq [40], by solution used in the test,
the presence of promoter and their concentration, the method used to calculate D, the
presence of Pd coating, the charging condition, etcetera. So this value is not only due to
physical diffusion and trapping phenomena, but it is also conditioned by anodic and
cathodic surface phenomena.

The literature review does not give any generalizable trend, every conclusion seems to be
ad hoc build based on specific results, without any general beforehand predictive model.
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5) ANALYSIS OF PERMEATION TECHNIQUES

5.1 Devanathan and Stachurski's permeation technique

In 1962, Devanathan and Stachurski described an electrochemical technique for the
accurate measurement of the instantaneous rate of hydrogen permeation through metallic
membranes [25]. This membrane is placed in the middle of two halves cells, as shown in
Figure 5.1 with all the details.

This kind of experiment can be performed properly if the adsorbed atomic hydrogen on
cathodic side (the entry side) is maintained at certain fixed level, while on the anodic side
(the exit side) it is always zero. The two scientists obtained these conditions through
cathodic polarization of the entry side and anodic polarization of exit side of a Pd
membrane by the use of potentiostatic circuits. On the surface in contact with cathodic
side, hydrogen is reduced from ion form H* to atomic form H, it is adsorbed on the surface
and then it diffuses through the sample. When hydrogen reaches the other surface, in
contact with anodic side, it is oxidized to the H" form. The current in the anodic
potentiostatic circuit, which maintains zero coverage on the exit side, is a direct measure of
the instantaneous permeation rate of hydrogen, due to the Faraday laws:

aw =221t (1)
zF

where AW is the mass of a produced specie (hydrogen ion in this case) during the
electrochemical reaction, MW is the molecular weight of hydrogen atom, z is the valence of
electrochemical reaction (equal to one in the present situation), F is the Faraday constant,
96.485 C, t is the time and | is the anodic current required to oxidize all the atomic
hydrogen on the exit size. Therefore it is possible to record the instantaneous rate of
hydrogen permeation continuously and with very high sensitivity.
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Figure 5.1 - Devanathan & Stachurski cell [25].

5.2 Developments in permeation techniques

From Devanathan and Stachurski's experiments lots of authors performed permeation
measurements modifying the original set up in order to improve the quality of the result or
to adapt the experiment to their specific purpose, i.e. different materials and different
cathodic solutions. A great attention will be devoted to two specific operative techniques,
ISO 17081 [21] standard and Zakroczymski's procedure [58], [59], because of their big
relevance overall, and in particular for my thesis work.

5.2.1 Metal polarization selection

In order to maintain the same hydrogen activity on the entry side during all the experiment
different it is possible to adopt different procedures. The cathodic side of the metallic
membrane can be polarized in galvanostatic conditions, i.e. a constant current is imposed
on its surface and the resulting electrode potential is monitored during all the experiment to
check the stability of surface electrochemical conditions. Other Authors leave the cathodic
side in free corrosion condition [23] and also in this case the electrode potential can be
monitored. Lastly it is possible to adopt a potentiostatic control of the cathodic side
measuring the current [38].

In the anodic side of the cell, it is necessary to guarantee the quantitative oxidation of the
hydrogen atoms escaping from the membrane on this side without the disturbance induced
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by other possible electrochemical reactions, e.g., oxidation of the membrane metal or of
other species contained in the anodic solution. When iron or steel alloys are used a
passivating solution is usually adopted and a constant potential is imposed to the electrode
with a suitable value to create and maintain a passive film on the anodic metal surface and
to oxidize H to H'. Passive film guarantees that only a very low corrosion current, i.e.
passivation current, iy, exists, but it does not disturb the measures of oxidation current
which is at least two orders of magnitude higher.

5.2.2 Electrolytes selection

Devanathan and Stachurski [25] filled both cathodic and anodic compartments with 0,1 N
of sodium hydroxide solution. In general anodic compartment solution is chosen to aid
passive film formation of the membrane surface, so it is essential to use basic pH. NaOH is
still the first choice, with a molarity from 0.1 to 0.2 mol L™.

On the other ends cathodic electrolyte may vary as follows. It may be be the same of
anodic compartment as [25], [46], [59], it is sometimes formed by acetic solutions [55],
solution with NaCl as [22], [55], [51], or solution with cathodic poison as [22], [55], [35],
[44], [45]. It is also worth mentioning the possibility to use gaseous environments. This
choice is usually done looking for the best mix to simulate the real sour condition, or
searching the easiest way to create permeation condition. Moreover the flux condition is
not fixed, so that it may be stagnant or not.

5.2.3 Thickness of the sample

Two aspects should be considered when we decide the thickness of sample:

e the diffusion of hydrogen must be controlled by transport though the bulk of the
material, not by surface processes. Therefore the sample thickness must be higher than
a critical minimum value [21].

e The greater the thickness is, the longer the test is, the harder is to keep constant
conditions.

So the choice should be a compromise between these aspects.
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Related to the right thickness choice, also the radius of membrane exposed to the solution
should be considered; indeed only a sufficiently large ratio, radius over thickness, ensures
one-dimension diffusion of hydrogen atom.

5.2.4 Use of palladium coating

The permeation method so far exposed is based on the assumption that every hydrogen
atom which diffuses through the sample is instantaneously oxidized at the anodic side
according to the reaction:

H->H +e

in this way the anodic current, thanks to Faraday law, is a reliable measure of the hydrogen
flow across the metal membrane. In particular the formation of molecular hydrogen on the
anodic surface according the equation:

H+H—H>

Must be avoided.

Manolatos et alii [42] assert that the imposition of anodic potential is not always a
sufficient condition to ensure a complete oxidation of hydrogen atom, due to the passive
layer formed on the surface. They found that on a palladium surface, the oxidation reaction
of hydrogen occurs in a faster and more complete way than on an iron surface as it is
shown in Figure 5.2 for Armco iron.

Actually the anodic surface layer (passive layer or Pd coating) can have two effects: it is a
barrier to hydrogen diffusion and is an electro-catalyst for hydrogen oxidation.
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Figure 5.2 - Permeation curves (a) without Pd, (b) with Pd [42].

5.3 1S0O 17081

Devanathan and Stachurski's electrochemical method was standardized in 2004 as 1SO
standard 17081 [21]. In particular:

e this standard specifies a laboratory method for the measurement of hydrogen
permeation and for the determination of hydrogen atoms uptaken and transported in
metals and alloys;

e it gives a method to determine effective diffusivity of hydrogen atom and to
distinguish reversible and irreversible trapping;

e it gives requirements for the preparation of specimens, control and monitoring of the
environmental variables, test procedures and analysis of results.

Below the main inputs of the 1ISO 17081 will be exposed and analyzed.

ISO standard gives some suggestions regarding the composition of the cathodic solution
but it lets free to choose the solution, charging method (galvanostatic control, potentiostatic
control, etc..) and to use or not palladium coating, but it demands to satisfy the conditions
to have proper oxidation and reduction of hydrogen seen above, as the bulk transport-
limited kinetics for oxidation of hydrogen atoms.

An example of a permeation cell can be seen in Figure 5.3. It consists in a two-
compartmental environmental cell (charging and oxidation parts), constructed from inert
materials, with reference and auxiliary electrodes.
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Figure 5.3 - Hydrogen permeation cell [21].

The test procedure can be summarized as follows:

e prepare the sample to the required surface finish, prepare the solutions, verify the
reference electrodes and assemble the cell;

e add the solution to oxidation cell, deaerate it and switch on the anodic potentiostat;

e when anodic current has reached low and stable values, add the selected solution to
the charging cell and commence galvanostatic charging or potentiostatic charging;

e monitor the total oxidation current (comprising background current and atomic
hydrogen oxidation current) until steady state is achieved;

e in order to distinguish the effects of irreversible and reversible trapping on
hydrogen transport, reduce the charging current to zero. Give sufficient time for
hydrogen atoms in interstitial lattice sites and reversible trap sites may exit. Then
repeat the charging procedure.

The last consideration gives a method to separate reversible and irreversible trapping
phenomena, according to Turnbull studies [22], [23], indeed during the first charging
hydrogen diffuses through the lattice and occupies both reversible and irreversible trap.
When we discharge the sample (switching off the current and waiting for the desorption),
hydrogen which is trapped in reversible traps comes out while hydrogen in the irreversible
traps has not enough energy to escape. So when the second charge is performed, hydrogen

59



can only occupy reversible traps, diffusing at a different apparent rate respect to the first
permeation run.

Once the test is over, the result is analyzed. The following equation is available to calculate
the sub-surface concentration of hydrogen in the lattice sites at the charging surface, from
the steady-state permeation current:

__Iss/A _ DiCy

Iss = = (2)

F L

where

Jss = atomic hydrogen permeation flux at steady-state as measured on the anodic side of
the sample;

Co = sub-surface concentration of atomic hydrogen in interstitial lattice sites on the
cathodic side of the sample;

A = exposed area of sample in the anodic cell;

F = Faraday constant;

D, = lattice diffusion coefficient of atomic hydrogen;
L = thickness of the sample.

When only reversible trapping is important and the permeation transient for this case can
be represented by Fick's second law, the sub-surface concentration of hydrogen atoms in
lattice and reversible trap sites can be calculated from the following equation:

C
Jss = —DEFZ = (3)
where

Derr = effective diffusion coefficient of atomic hydrogen based on elapsed time
corresponding to J(t)/Jss = 0.63;

Cor = summation of the sub-surface concentration of hydrogen in interstitial lattice sites
and reversible trap sites on the charging side of the sample.
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The following equation is used to calculate the effective diffusion coefficient based on the
elapsed time for J(t)/Jss = 0.63:

6L2
Dgpr = @ (4)

or it is possible using the next one:

__ 15.3L2

Dgpp = 0 (5)

Standard underlines that results of Eq. 4 and 5 should be in agreement if Fick's second law
is applicable.

To verify the applicability of Fick's second law concerning the permeation transient, plot
the permeation transient in the form of normalized flux against the logarithm of normalized
time T = D.t/L? , as shown in Figure 5.4, and compare the experimental transient with the
one derived from Fick'’s second law.
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Figure 5.4 - Rising permeation transients [21].

According to 1SO Standard, if the normalized permeation transient is steeper than
predicted by Fick's second law, this indicates that trap occupancy is significant, while a
permeation transient which is less steep than predicted by Fick's second law is often an
indication of unsteady surface conditions.

When peaks in the transients are observed, this implies the value of the effective diffusivity
is also varying with time and analysis is uncertain, but Eq 4 may be used as an empirical
estimate for J(t)/Jss = 0.63.

The extent of reversible and irreversible trapping can be evaluated comparing the first and
second permeation transients as in Figure 5.4. If the first permeation transient takes longer
than the second permeation transient, i.e. the normalized permeation curves are displaced
to longer times, it can be deduced that irreversible traps exist and affect permeation.
Moreover, in the absence of voids formation, second and subsequent transients shall
concur, provided their values are similar.

ISO standard points out that problematic issues might arise in specific situations, leading to
warp results or invalidation of the experiments. The two most important are [21], [57],

[58], [59]:

e trapping;
e electrochemical surface alteration.
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The first problem concerns the presence of traps, with reactions like Me + H — MeH
which act concurrently to the base lattice motion of hydrogen. So both reversible and
irreversible traps subtract hydrogen to the lattice diffusion and physically obstruct
hydrogen atom transfer. These effects should be evaluated since every "real” metal
specimen contains traps and even second transients display unsaturated reversible traps and
saturated traps as obstacles.

The second problem involves cathodic surface changes of the sample due to its
electrochemical polarization. In particular, it concerns the assumption that hydrogen
activity on the entry side is constant during the test time. On the contrary, the
electrochemical conditions at the cathodic surface of the specimens cannot be considered
constant in many different conditions but it varies with time [52], [53], [54], [55], [56].

5.4 Zakroczymski's procedure

In order to eliminate the undesirable effects of surface processes alteration and trapping
described in the last paragraph, Zakroczymski [58], [59] elaborated a different approach to
the measurement of the diffusion coefficient by means of the permeation electrochemical
technique. The key of this approach is to arrange the suitable experimental conditions
under which the role of these disturbing effects is negligible and the measured permeation
rate is controlled by the rate of hydrogen diffusion. A typical experimental procedure is
made as follows [59]:

1. Into a Devanathan and Stachurski's cell, a metal membrane (Armco iron in
Zakroczymski's test) is charged at its cathodic side with hydrogen (Figure 5.5) and it is
anodically polarized at its exit side, which is covered by palladium. When maximum
current value is reached, cathodic charge must be continued for a time long enough to
achieve steady-state physico-chemical cathodic condition and equilibrium of both
reversible and irreversible trapping reactions [60]. In Zakroczymski’s test this phase
lasted about 100 hours.

2. Once steady-state conditions are achieved, limited variations of cathodic current are
fixed and partial decay followed by build-up transients are performed changing the
cathodic current as shown in Figure 5.6. These steps allow to measure permeation
transients without perturbing significantly electrodic and trapping equilibria. The
permeation and desorption transients can be expressed by the equations 14 and 15
included in Paragraph 3.4.
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Figure 5.6 - Partial decay and build-up [59].

So, the solution proposed by Zakroczymski to eliminate the problematic issues underlined
by ISO can be summarized as follow: the electrochemical surface effects are eliminated by
a sufficient long and uninterrupted cathodic polarization [60], the trapping effects are
minimized by successive transients with partial increasing or decreasing cathodic
polarization.

The elimination of trapping and surface effects allows to measure the real diffusivity of
hydrogen, with a lattice diffusion coefficient D, in Armco iron during partial transient. It
means that the permeation curve follows very well Fick's law (Figure 5.7), it is not
necessary to introduce more complicated equations with ad hoc parameters. On the other
hand, first transients and complete desorption cannot be described in the same way due to

64



trapping and surface effects, so the resulting diffusion coefficient is not representative of
lattice properties.
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Figure 5.7 - Partial permeation decay transient. Solid line represents experimental transient, dashed
line is used for theoretical curve [59].

Another important contribution of Zakroczymski method is the analysis of complete
desorption.

When the hydrogen charging is stopped, hydrogen leaves the membrane both from the
entry and from the exit side, but if different solutions are used on the cathodic and on the
anodic side of a Devanathan and Stachurski's cell and in particular when the cathodic
solution is not passivating it is not possible to measure hydrogen desorbed from both sides.
Zakroczymski used soda solution for cathodic cell too so when cathodic charging is
switched off the entry side can be immediately polarized at the same potential of anodic
side and hydrogen oxidation currents of both surfaces are measured to calculate the
desorption rate of hydrogen. Obviously anodic current of the entry side must be corrected
by the passivation current of the material.

In this way it is possible to measure all hydrogen escaping from the membrane and to
calculate how much is flowing out from the lattice and how much from the reversible traps
in the following way: the Figure 5.8 shows an example of hydrogen desorption rate at the
membrane exit side, iy. This desorption rate is the sum of desorption of the diffusible and
the trapped hydrogen, with the area under the iy curve corresponding to the total amount of
hydrogen per unit area, gu. We know the lattice diffusion coefficient D form the previous
partial transient work, so we can plot the theoretical curve with this value of D, obtaining
iHg,, the desorption rate curve for the diffusible hydrogen. The area under this curve is the
quantity of diffusible hydrogen gnd. Now, subtracting the second area to the first, it is
possible to estimate the amount of hydrogen originated from traps gut.
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6) METALLURGICAL CHARACTERIZATION AND
EXPERIMENTAL PROCEDURE

6.1 Micro-Alloyed steel API 5L X65 grade

Permeation tests have been carried out on micro-alloyed steel samples, API 5L X65 grade,
which have been obtained from quenched and tempered seamless line-pipe with
dimensions 323 mm OD x 46mm WT [3], [4], [8]. X65 is a C-Mn steel, it is micro-alloyed
with Nb and V but it has also a small amount of Cr, Mo and Ni to improve hardenability
and Ca for the inclusion shape control. In Table 6.1 the chemical composition of this
material is reported which conforms to APl 5L Specification requirements [62]. The
material is sour service use, so that it underwent through all the required qualifications.

Table 6.1 - Chemical composition of APl 5L X65 used (wt%).

Steel C Mn S Mo Cr Ni Nb V Ti

X65 0.11 1.18 | 0.007 | 0.15 0.17 0.42 | 0.023 | <0.06 | <0.01

In Table 6.2 tensile test results at room temperature of X65 in as received condition, i.e.
Q&T as stated above, are reported. The samples in this metallurgical condition will be
indicated henceforth with the label X (e.g. X1, X2, etc..) or simply X65.

Table 6.2 - Mechanical properties of as received X65 steel.

Steel X65

Yield strength (MPa) 511+ 6.7
Ultimate tensile strength (MPa) 609 £ 5.7
Young's modulus (GPa) 206 £ 6.0
Elongation (%) 21+6.5

In order to evaluate microstructural effect on material diffusion properties, some samples
were fully quenched, i.e. they were put in a furnace at 930°C for 30 minutes, in order to
austenitize them completely, and afterwards they were water quenched (Figure 6.1).
Quenched X65 samples will be indicated henceforth with the label XQ (e.g. XQ1, XQz2,
etc..).
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Figure 6.1 - XQ samples.

Other samples were put into the furnace at room temperature, the temperature was
increased till 930°C, then the temperature was kept constant for 30 minutes. At the end the
furnace was switched off, so the samples cooled down very slowly to the room
temperature. The heating and cooling rate of the furnace are illustrated in Figure 6.2. These

samples were subjected to annealing heat treatment, so they will be indicated henceforth
with the label XA.
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Figure 6.2 - XA heating rate (A) and cooling down (B).

6.1.1 Metallurgical characterization of X65 different microstructures.

The microstructure of as received X65 steels consists in equiaxed and acicular ferrite with
finely dispersed carbides (Figure 6.3, all the sample are prepared for micrographic
examination with Nital 1 etching), it is rather homogeneous, no significant variances are
visible among different alignments (internal, centre, external) or for different orientations
(longitudinal, transversal). In Figure 6.4 a representative SEM image of this microstructure
is reported. Inclusion shape is round (type D globular inclusions), as it is expected for a
sour service material treated with calcium. The microhardness value is 206.3 = 7.9 HV,
while the grain size area is 39.4 + 1.4 pm®. Also the inclusion content has been estimated
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as percentage of the area of a sample occupied by inclusion, divided by the total area. The
mean value for as received samples is 0.1% with a standard deviation of 0.04%.

Figure 6.3 - As received X65 sample images by light microscope.

EHT =1500kV IProbe= 75pA  Vocuum Mode = High Vacuwm ~ Mag= 500K X SAMM
|_| WD = B.0Omm Detector = SE1 Chamber = 3.31e-004 Pa Reference fMag = Out Dev.

Figure 6.4 - As received X65 sample image by SEM.

The microstructure of XA, shown in Figure 6.5, consists in ferrite grains of not
homogeneous dimensions and islands of pearlite. In Figure 6.6 a representative SEM
image of this microstructure is reported. Note the clear visible fine pearlitic structure. The
microhardness value is 149.8 + 19.2 HV and the grain size area is 110.9 + 24.6 pm® The
mean value of percentage of inclusion for as received samples is 0.1% with a standard
deviation of 0.02%.
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Figure 6.5 - XA sample images by light microscope.

EHT =1500 k¥ IProbe= 75pA  Vacuum Mode = High Vacuum Mag = 10.00 K X SAMM
WD =10.5 mm Detector = SE1 Chamber = 2.70¢-004 Pa Reference Mag = Out Dev.

Figure 6.6 - XA sample image by SEM.

The microstructure of XQ, as shown in Figure 6.7, is almost completely martensitic with a
microhardness rather homogeneous, equal to 433 + 33.7 HV, which is compatible with the
observed microstructure. In the Figure 6.8 SEM image of this microstructure is reported.
The mean inclusion density value for quenched samples is 0.1%, with a standard deviation
of 0.05%. The density of inclusion is almost the same for all the microstructures, as we
expected because heat treatment should not alter this constituent.
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Figure 6.8 - XQ sample image by SEM.

6.1.2 Preparation of the samples for the permeation test.

The permeation test samples are membranes with dimensions =~ 20+40 mm? and 1.3 mm +
0.15 mm thick, they were obtained cutting a piece of pipe perpendicular respect to his

radius in order to simulate hydrogen radial diffusion. The surfaces are then prepared in the
following way:

1. Mechanical preparation of both surfaces with emery papers of decreasing abrasive
particle dimensions till 1200 grit (SiC as abrasive medium, water as cooling medium);
2. brazing of copper electrical connection;
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3. cleaning of the sample with ethyl alcohol;

4. masking the surface with kapton® tape, with a free square area ~ 2.2 cm? in the anodic
part;

5. pickling in 37% HCI till uniform and copious hydrogen evolution develops (few
seconds);

6. application of palladium coating (=0.1um homogeneous and adherent layer) by
palladium solution, 28.5% NH,OH + 5 g L™ PdCl; and cathodic current of 2mA (E vs
Ag/AgCl = - 1.00 V) for 5 minutes;

7. cleaning with distilled water and ethyl alcohol;

removal of masking tape and cleaning with trichlorethylene;

9. Mechanical preparation of cathodic surface with 1200 grit emery paper and final
cleaning with ethyl alcohol.

10. Prepassivation (cathodic and anodic area): in a baker, anodic polarization of the
sample with +200 mV vs. Ag/AgCl in 0.2 mol L™ NaOH solution has been performed
till the current density reached values lower than 0.1 pA cm? (about 1-2 hours). The
anodic area devoted to this treatment must be larger than the part involved to the
following hydrogen oxidation in order to protect the parts from crevice corrosion,
which may develop in correspondence to possible palladium film porosity. This
phenomenon caused the interruption of some tests.

oo

The sample appearance after these preparation steps is shown in Figure 6.9.

Figure 6.9 - Sample ready to permeation test. Note the mirror like palladium surface in the middle
of anodic surface.

6.2 Experimental apparatus

Permeation experiments were carried out on a modified Devanathan and Stachurski's cell
[25], according to 1SO 17081 [21], as it is illustrated in Figure 6.10. The apparatus was
composed by two glass compartments, junction caps, made by polycarbonate and
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polyvinyl chloride, were used between the two compartments which held the samples, and
Viton® O-rings were applied for sealing. The sample exposed area to the cathodic solution
(entry side of hydrogen) was 1.54 cm?, the ratio between anodic and cathodic area was 0.9,
as the standard recommends [21].

Cathodic and anodic solutions were kept constant at 20 + 2°C by means of a thermostat
linked to two jackets which surrounded the compartments.

A complete description of the design of the apparatus is reported in [61].
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Figure 6.10 - Process flow diagram of the whole experimental apparatus.

6.2.1 Cathodic side

The cathodic solution used in all the experiments was 0.4 mol L™* of acetic acid
(CH3COOH) plus 0.2 mol L™ of sodium acetate (CH;COONa), pH=4.2. The use of a
peristaltic pump (flow rate=8.5 L h™) minimizes the alkalinity accumulation on the surface
and guarantees a continuous flux of the solution on it with a velocity at the end of the
capillary tube = 1m s™. In order to have a sufficient solution turnover , the pump takes the
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acetic solution from a 5 L reservoir. It is worth mentioning that the pump was enclosed in a

Faraday's cage, due to the system sensitivity to the electric alterations.

In order to eliminate the detrimental effects of oxygen like the reduction of O, this
solution was purged by dry nitrogen into the reservoir.

The reference electrode used in this part of the cell was double junction Ag/AgCI/3 mol L™
KCI// (E=0.200 V vs. SHE at 20°C), the counter electrode was a platinum wire with a
surface of about 1.5 cm? The capillary tube used to input the solution against the surface

had also the function of Haber-Luggin capillary (see the Figure 6.8).

Figure 6.11 - Luggin capillary tube scheme used for the cathodic solution input and for the

i/ PC shield and
O-ring (viton)

PC capillary
(Qminz 2 mm)

measurement of the potential.

6.2.2 Anodic side

Anodic cell was filled with 250 cm® of 0.2 mol L™ stagnant NaOH solution; this solution

was not de-aerated.

A double junction Hg/HgO/2.5% KOH// (= 0.446 mol L™) was used, its potential was

-0.08 V vs. Ag/AgCl/3 mol L™ KCI. The counter electrode was the same of cathodic cell.

Experimental tests in the present work have been performed in the following way:

6.3 Permeation procedure

1. Passivation: the sample has been assembled in the cell, the anodic compartment has
been filled with NaOH solution, anodic polarization of 0.1 V vs. Ag/AgCl has been
performed and the passivity current has been measured till current density became
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lower than 0.1 pA cm™. During passivation of the anodic surface, the cathodic
compartment was maintained under dry nitrogen flow.

2. Charge: while the anodic current density was continuously measured, the other
compartment has been filled with acetic solution and the cathodic side of the
sample was polarized (galvanostatic) at constant current density of -0.5 mA cm™.
This testing phase lasts about 100 hours.

3. Partial charge: after phase 2, cathodic current density has been increased from -0.5
mA cm?to -1 mA cm” and then kept constant till the anodic current reached quasi-
stationarity situation. This part lasts less than 2 hours.

4. Partial discharge: once quasi-stationary anodic current density had been reached,
the cathodic current density was decreased from -1 mA cm™ to -0.5 mA cm™. This
phase lasts till a new steady state has been reached (less than 2 hours).

5. Discharge: after phase 5, cathodic polarization has been interrupted. The anodic
current density has been continuously measured till passivity current achievement
(>0.1 pA cm®). This part lasts some tens of hours.

6. Second cathodic polarization: the same procedure has been then performed on the
same sample, from point 2 to point 5.

It is worth to underline that these measurements are very sensitive to even low chemical or
physical variation of the cathode, so every single part of the experimental procedure has
been optimized in order to avoid perturbation in the anodic current density due to cathodic
routine operation during the test, such as cathodic compartment emptying or cathodic
surface drying.

During the different phases listed above, the phenomenon we want to observe may have
very different characteristic process times (orders of magnitude). So data recording has
been optimized for every phase of the test, as summarized below:

e During prepassivation (1) the sample is outside the cell and it is important only
when the anodic current value goes constantly below 0.1 pA cm’?, so the latter
was observed by the analogical display of potentiostat.

e During passivation (2) and charge (3), current density recording rate was 1
datum/minute.

e During partial charge (4) and partial discharge (5), 1 datum/second.

e During discharge (6), recording rate was 1 datum/second for about half an hour,
then 1 datum/minute till the end of the test.

Also the values of cathodic potential have been recorded with the same rate.

The data acquisition system is composed by a digital multichannel data logger IMPVIEW
3595-4B by Solartron, which simultaneously measures the potential difference between
cathodically polarized surface and Ag/AgCI reference electrode and anodic current. The
anodic current is obtained thanks to 10,1 kQ shunt resistance, which is put in series
between Pt counter electrode and potentiostat.
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7) THE RESULTS OF PERMEATION TESTS

7.1 Overview of polarization test

Permeation tests have been carried out with the method exposed in the Paragraph 6.3.
These tests were performed on three annealed samples (XA3, XA4 and XA5), two as
received samples (X1 and X2) and three quenched samples (XQ1, XQ2 and XQ3).

A typical test result is reported in Figure 7.1 for X2 sample in “as received” metallurgical
microstructure. In particular, the anodic current density (uA/cm2) vs. time (h) graph
illustrates the first and second permeations with respective charge transients, partial
transients and complete decays. Note that a complete test lasts 200-250 hours (230 hours in
the reported example). This graph immediately gives the idea of the time involved in each
phase, from the fast partial transients, 1-2 hours, to the long charges, 50-100 hours. In the
Figure 7.2 and Figure 7.3 the first complete transient (charge, or polarization 1, partial
transient 1 and discharge, or decay 1) and the first partial charge/partial discharge of the
same test are drawn, respectively.

In this chapter, anodic current density value is actually the measured total anodic current
density minus the passivity current density (i, < 100 nA cm®) reached during passivation.
In the following parts of this chapter the results will be often expressed as i/imax Vs. time/L?
graphs, which means that the current density is divided by the maximum current density
reached during its respective permeation history (dimensionless parameter) and the time is
divided by the square of the thickness of the sample (not dimensionless parameter). This
elaboration was done in order to eliminate the dependence of experimental data on
maximum peaks and sample thicknesses.
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Figure 7.1 - Complete permeation test (as received sample, X2).
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Figure 7.2 - Particular of permeation test: first complete transient (as received sample, X2).
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Figure 7.3 - Particular of permeation test: first partial build-up and partial decay (as received
sample, X2).

7.2 Charge and discharge

In the following paragraphs the attention is focused on the output of a permeation test as
ISO Standard 17081 [21] suggests, i.e. analysis of charge and discharge.

7.2.1 Charge curves analysis

In this paragraph the charge, or polarization, curves (cathodic current density, ic, variation
from 0 to -0.5 mA cm-2) and their representative parameter, i.e. apparent diffusion
coefficient Dy, are analyzed.

In Figure 7.4, permeation curves during first and second charge are reported for XA
(annealed) samples, as an example of this kind of curves. In the graph two extreme
theoretical curves (Dmax and Dmin), are present, too, which include almost all the
experimental data. These latest curves are drawn solving the Fick's second law with these
boundary conditions: the initial hydrogen concentration is zero in all the membrane at t=0,
for t > O cathodic surface concentration is constant while anodic surface concentration is
zero (the calculations have been done with Laplace and Fourier equations, as described in
the third chapter). Both theoretical curves are calculated with constant diffusion coefficient
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(Dmax= 1.5:10™ m? s Din=2.5-10" m? 5™, Dinax/Dimin=6). In this kind of representation, a
lower D value shifts the corresponding curve to the right (longer time) compared to a
bigger D value curve.

The graph shows that the first permeation curve of a sample is slightly slower than the
second. This is in agreement with Turnbull [22], [23] results for martensitic steel. The
author explains this behaviour with the reversible and irreversible trapping model, fully
described in Paragraph 6.2.

For the two other microstructures, reported in Figure 7.5 (as received) and Figure 7.6
(quenched), the two extreme theoretical curves and their ratios are:

o as received DmaX: 17'10-11 m2 S-l Dm|n:32'10-12 m2 S-l, Dmax/Dm|n>5,
o quenched DmaX: 2'10-11 m2 S-l Dmm:?':l.o-l2 m2 S-l, Dmax/Dm|n>25,

These values are at least one order of magnitude lower than lattice diffusion coefficient
reported in literature (see the Chapter 4).
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Figure 7.4 - Normalized first and second charge curves behaviour for XA samples.
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Figure 7.6 - Normalized first and second charge curves behaviour for XQ samples.

80



The experimental curves in Figure 7.4 do not fit any theoretical curves well. This aspect is
evident in the Figure 7.7, where the proper D value in one point of the experimental curve,
e.g. best fit between experimental and theoretical curve for i/imax equal to 0.1 (Dagp 10%), is
different from the best fit for i/imax equal to 0.6 (Dapp 60%). This difference, D1o/Deos > 26,
is very high and suggests that a unique Dap, does not exist. Other authors obtained similar
results [38], [40].
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Figure 7.7 - Representation of different best fitting theoretical curves of an experimental curve
(XA5-polarization 1).

The histogram reported in Figure 7.8 includes all the Dqyp, values for the tested annealed
samples, while in Figure 7.9 and Figure 7.10 are reported the results for as received and
quenched sample, respectively. It confirms the previous consideration concerning the
dispersion of the D,p, value for the single sample, but it also gives other information: there
is almost always a decreasing trend in the apparent diffusion coefficient, with the highest
values for Dj¢ and the lowest values for Dgow, Which suggests that some processes
participate to slow down the hydrogen permeation rate during the tests. This trend has been
observed almost every time even for the other microstructures. It may be due to cathodic
surface changing condition during time or to reversible and irreversible trapping.
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Figure 7.9 - Various Dy, values histogram of X samples during first and second charge.
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7.2.2 Discharge curves analysis

The discharge phase, or desorption, of the adsorbed hydrogen into the membrane (switch-
off of the cathodic galvanostat, i.e. i variation from -0.5 mA cm? to 0) of the same
annealed tests seen in Paragraph 7.2.1 are shown in Figure 7.11. The same graph for the
other two microstructures is in Figure 7.12 and Figure 7.13. As in the charge, the whole
curves do not fit the theoretical Fick's law but now it is possible to observe a new aspect.
According to Zakroczymski [58], [59] (Paragraph 5.4) and Frappart [36], in the initial part
of the curve (roughly in the range 1>i/ina>0.9) desorption of the diffusible hydrogen
prevails while the hydrogen derived from traps become perceptible after some seconds.
After few minutes diffusible hydrogen is almost over and the anodic current measures the
rate of hydrogen release from reversible traps. The difference between the experimental
desorption curve and the theoretical one drawn in order to fit the first part gives a measure
of the reversible trapped hydrogen released from the anodic surface.
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Figure 7.13 - Normalized first and second discharge curves behaviour for XQ samples.

7.2.3 Charge-discharge comparison

In order to compare the charge experimental curves with the discharge ones, Figure 7.14
sums up the data of Figure 7.4 and Figure 7.11. It is clear how charge and discharge are
different. The curves of the same polarization for the same sample, e.g. first polarization
and first desorption of XA3, never cross at i/imax=0.5, as theoretically predicted by Fick’s
laws, but on the contrary they usually meet around 0.15 (yellow circle) and they are not
symmetrical. The comparing graphs for the as received and quenched tests are reported in

Figure 7.15 and Figure 7.16.

In Figure 7.19, Figure 7.20 and Figure 7.21 included in Paragraph 7.3, the same kind of
graphs will be replicated for partial charge-discharge, so it will be possible to compare the
graphs and appreciate the relevance of each one.
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Figure 7.16 - Normalized first and second charge-discharge curves behaviour for XQ samples.

As the last consideration about these aspects, in Figure 7.17 the difference between the
theoretical charge curve with D, value (the same of the theoretical decay curve found in 1-
0.9 best fit zone of the experimental decay) and the experimental charge curve for XA5
sample is shown. These two curves are separated by more than two orders of magnitude,
which gives an idea about how the physical phenomena which act behind this behaviour
are different. D, values for each complete discharge made during this project have been
grouped. The minimum and maximum values of D, obtained by this method, for each
microstructure, are reported in Figure 7.23 and Des Min and Des Max, respectively,
compared with partial charge and partial discharge procedure results.

87



1 ..V.\ ;
¢
0,9 F

\( / ¢ poll :
\¢ *
0.8 @ des1 .
1 4 *
° ——theoretical charge .
0.7 curve D = 2E-9 .
* ——Theoretical discharge .
curve D = 2E-9
0,6 R °
% *
£ 05 * .
; /\
D . .
*
0,4 *
*
0,3 1 4 VY
, . A
* *
*
0,2 * . *
* Q’
/ ¢ ¢
0,1 * Py
e,
Y3 24 ®oly
o o9
0 ot ** MR JNPSPN
0,001 0,01 0,1 1 10 100

Time /L2 (h/mm?)
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7.2.4 Cathodic potentials during charge

In Figure 7.18 all the cathodic potentials measured during the first and second charge, or
polarization, are reported. This graph shows that after switching on the galvanostat, the
potential starts decreasing. Only after tens of hours the cathodic potentials become stable.
This trend was observed by other authors [39], [49], [56]. The stability of potential is very
important for permeation test because it is the indicator of electrochemical condition of the
cathodic surface, which must be stable in order to get reliable results. Another remarkable
fact is that even if the single potential curve reaches the stability, there is not a common
stable potential value among different tests (or among different microstructures). Indeed
the values are dispersed in~0.2 V band (black lines).
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7.3 Partial charge and partial discharge

In order to get over the problems in measuring a correct and reproducible diffusion
coefficient, as explained in the previous paragraphs, the Zakroczymski's hydrogen
permeation procedure [58], [59], [60] has been adopted, i.e. partial charge and partial
discharge analysis (see Paragraph 5.3) has been applied after a long enough stabilization
time.

In Figure 7.19 are reported the results of the partial charge (i. from -0.5 to -1 mA cm™) and
the partial discharge (ic from -1 to -0.5 mA cm) tests on as received samples, i.e. X1 and
X2, are reported. These tests are plotted with the usual time / L? on x-axis and Ai/Aimax 0N
y-axis, with Ai equal to anodic current density minus quasi stationary anodic current
density values reached during the previous charge. Some relevant considerations can be
done by examining this figure:

e every partial charge and discharge curve follows the theoretical curves very well as
far as their entire length;

e in each sample (both polarizations), the two experimental curves cross almost
perfectly at the theoretical value Ai/Aima=0.5. Consequently the diffusion
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Figure 7.19 - First and second partial charging-partial discharging curves for X1 and X2 samples.

The same considerations are fully valid for annealed and quenched tests (Figure 7.20 and

Figure 7.21) and the D values ranges for these two microstructures are:

annealed DmaX: 33'10-9 m2 S-l Dmm:lz'lo-g m2 S-l, Dmax/Dm|n<3

L quenched DmaX: 18'10-10 m2 S-l Dmm:ll'lo-lo m2 S-l, Dmax/Dm|n<2
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7.3.1 Cathodic potential during partial transients

In Figure 7.22 the potential evolution during partial charge and partial discharge is plotted,
with time=0 immediately after the cathodic current change. In particular, one
representative curve for each microstructure is present. Some comments can be done: the
surface needs very few seconds to respond to the initial changed current (see the
decreasing points immediately after time=0), then it maintains constant values. Only the
quenched sample shows a little oscillation in a close range. Then, when the partial
discharge starts, again the new stable value is reached almost immediately by every test.
This immediate changing of potential values and the stable electrochemical surface
condition confirms that the procedure proposed by Zakroczymski and here adopted
guarantees the constancy of the hydrogen fugacity on the cathodic side during the
adsorption/desorption transients, which is fundamental for a correct diffusion coefficient
measurement using the Devanathan and Stachurski method.
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Figure 7.22 - Cathodic potential registered during partial charge and partial discharge for one

sample for each microstructure.
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7.4 Microstructural effects

In order to point out how the microstructure alters the hydrogen permeation behaviour the
diffusion coefficient values obtained by the following methods have been compared:

e apparent diffusion coefficient, Dap,, 0f complete charge/discharge method,
according 1SO 17081;

e lattice diffusion coefficient, D, of partial charge/partial discharge method,;

o lattice diffusion coefficient, D, of desorption method (1 - 0.9 best fit region of
experimental curves).

In Figure 7.23 a summarizing histogram is reported. In this histogram the maximum and
minimum diffusion coefficient values measured in the different tests for the examined
microstructures are reported. The following considerations can be done:

1. 1SO 17081 method is the most scattered and it does not point out perceptible
differences among the three microstructures;

2. other methods clearly show three bands of values in a reproducible way;

3. looking at partials method, the average value of D, in martensitic microstructure is
about 3 times lower than the bainitic one and about 14 times lower than annealed
one;

4. the D, found with desorption method shows minimum and maximum values
slightly lower than D, from partial method.

The last consideration makes you think that this method may be little affected by trapping
phenomenon, which gives lower values of D as a consequence. The origin of this aspect
should be ascribed to the determination of D.: the best fit method of initial part of the
desorption is quite arbitrary, e.g. where the best fit can be stopped, so some imperfections
might alter this method. In Zakroczymski's method subjective choices like the one
previously shown are not present. However the quality and the reproducibility of
desorption results is good and similar to partials D,.

The D_ values found with the partials methods is exclusively a lattice parameter, no
trapping phenomena are involved. Therefore the differences among these values (point 3
above) are only due to the lattice differences. In particular, the transition from bcc lattice of
annealed and Q&T to bct one of martensite, an increase of the fineness of the grains, the
grain boundaries and/or the dislocation density lead to lower lattice diffusion coefficients.
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Figure 7.23 - Different diffusion coefficients summarizing histogram.

In Figure 7.24 all the partial transients are plotted, in order to appreciate the sensitivity of
partial charge-discharge method with different microstructures. These permeation curves
are distinctly grouped in bands.

In Figure 7.25 all samples are listed in a histogram with D, calculated with the usual
methods on y-axis. This histogram allows to separate the contribution to the scattering on
the measured values of D due to different specimens and the one due to different
measuring method.
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7.5 Reversibly trapped and lattice hydrogen release

Starting from Zakroczymski's work described in Paragraph 5.3, the comparison between
the theoretical desorption curve with D and experimental discharge curve leads to
estimate the amount of total, lattice and trapped hydrogen. The result of this calculation (in
ppm), based on numerical integration of experimental desorption curves, is reported in
Figure 7.26, regarding the total amount of hydrogen (lattice + reversible trapped) escaped
from the anode, Figure 7.27, regarding only the reversibly trapped hydrogen which goes
out from the anode, and Figure 7.28, regarding the theoretical desorption-experimental
discharge ratio. All these results have been organized in ascending order for each
microstructure.

Annealed samples show an average better capability to store hydrogen than the other two
microstructures, followed by as received material which stores slightly more than
quenched samples (Figure 7.26). Similar trend is observed for the reversibly trapped
hydrogen, i.e. the hydrogen which is released after an initial phase of lattice releasing
(Figure 7.27). In Figure 7.28 the ratio calculated emphasizes how the microstructures can
modify the hydrogen permeation and its accumulation in different quantities and
proportions. The average ratios for different microstructures are clearly distinct, with
values in the following order: Average Quenched > Average As Received > Average
Annealed.
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CONCLUSIONS

This thesis has investigated the hydrogen diffusion and trapping processes into APl 5L
X65 pipeline steel with three metallographic microstructures. The permeation tests have
been performed in a modified Devanathan-Stachurski's cell with ad hoc experimental
procedure. The experimental work may be divided into two parts. The first one has the aim
of investigating on lattice and apparent diffusion coefficient in terms of reproducibility and
physical meaning and its conclusions are summarized as follows:

Charging transient (Devanathan and Stachurski's method standardized in 1SO
17081) gives an apparent diffusion coefficient Dy, strongly influenced by trapping
effect and cathodic surface electrochemical alteration and at least it results one
order of magnitude lower than lattice diffusion coefficient. Day value is
substantially insensitive to microstructural variations.

Dapp alues do not fit theoretical Fick's curve. Diffusion coefficient values obtained
at different points of the curves show values more than 25 times greater from the
lowest (Dgos) to the highest (D1s) with a decreasing trend.

Cathodic potential analysis during charge phase underlines that tens of hours are
required to obtain stationary potentials. The stationary potential values are
dispersed in 0.2 V range.

Diffusion coefficient measured during the first part of discharge is less influenced
by trapping and electrochemical alterations, it is higher than Day, and slightly
lower than Dy. It is sensitive to microstructural differences.

Cathodic current partial charge and discharge procedure (Zakroczymski's method)
shows less experimental data dispersion, it gives experimental curves perfectly
symmetric (intrinsic reproducibility) which follow diffusion Fick's laws, i.e. no
trapping processes. The obtained D values can be reasonably assumed as “true™
lattice diffusion coefficient of materials. These values are sensitive to
microstructural variations.

Cathodic potential during partial charge and partial discharge is stable and changes
very quickly during current modifications. It confirms Zakroczymski's assumption
of cathodic electrochemical equilibrium during this phase.

The second part involves the investigation of the existing differences among three
microstructures. The main results are:

Martensitic X65 steel has D, about 3 times lower than quenched and tempering
(as received) X65 steel and about 14 times lower than annealed X65 steel.

The amount of total, reversibly trapped and lattice hydrogen inside the samples
has been calculated for the three microstructures in a quantitative way. The
quenched samples store the lowest quantity of total and trapped hydrogen, the
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quenched and tempered ones are in the middle and the annealed ones have the
maximum storage capability.

In conclusion, the experimental procedure adopted in this project leads to reliable and
meaningful results in permeation phenomena because it succeeds in eliminating disturbing
elements such as the electrochemical alteration and in separating lattice related events from

the trapping ones.
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ANNEX|

Table I: Material and hydrogen permeation data. Legenda: current density =i (mA cm'z), potential = E vs SHE (mV), a = anodic, ¢ = cathodic, apparent diffusion

coefficient = D (10™° m* s™), hydrogen apparent concentration = Cy, 1 (Mol m™), hydrogen flux at stationary state « thickness = Jssn L (10™° mol m™ s™).

strutture or

ref. thickness anodic cathodic ic C
steel type thermal . T (°C E D aee 1 J L
no. yp treatment | | c0ating (°C) electrolyte electrolyte | or Eg a app SSH
Mild steel Annealed 10.5 0.44 4.67
1.18
Annealed g 0;11 NaOH 01 NaoH 2.96 3.49
(371 casc Normalized E 25 +1gL"NaS+9H0 | | 1g L NayS » 9 H0 10 250 2.78 1.29 3.58
Spheroidized - 3.50 1.13 3.93
Quenched 0.37 492 1.82
F + AF (M/A=5.73) 4.05 20.91 84.7
el
F + B (M/A=4.45) o 4.44 27.13 120
[39] X65 c n.a. 0.1 N NaOH NACE solution 05 250
F + DP (M/A=1.28) E 9.27 14.33 133
F + DP (M/A=0.88) 9.38 13.79 129
£
[44] X70 F+AF CZ Troom 0.1 N NaOH v oo mgi'iicé:os 05 300 0.263 28.8 7.6
N~
o
[45] X100 F+B 0.5 mm /Ni 20 0.1 N NaOH v oo mgt'fs‘Acs’:Q 10 300 0.01 134 14
As received 0.3 i i
Normalized g 1 i i
[38] X52 c na. 0.1 M NaOH 0.1 M Na,S0, -900 150 - -
Annealed 1S 0.9
—
Quenched 0.38 i i
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ref. no. steel type strutture thick / coat. T (°C) anodic electrolyte cathodic electrolyte ic or E¢ Ea Dapp Capp Jssu L
Low alloyed steel F + M (rare) Bu: 10; D: 29 i i
VHS steel A F+Mverylowa) | o Bu: 0.9;D: 1.6 i i
[43] i na. 0.1 N NaOH H,SO, 10 250 - -
VHS steel B F + M and/or A Bu: 0.5; D: 0.9
VHS steel C F+M+B+A Bu: 0.2; D: 0.4 i
1%1.97 + 0.09
X70 Edge F+P - 0.84 16655
2"1.77 + 0.06 :
1%2.25+0.19
) 1.65 +
X70 Centreline F+P - 0.74 0.23
2"92.06 + 0.17
11,70 £ 0.04
1.95+
MX70 Edge F+P - ) 12 0.25
2"1.57 +0.03
0.1 N NaOH 1%1.71+0.01
_ . a 155+
[40] | MX70 Centreline F+p 1mm 21-23 0.1 N NaOH + NayS-H,0 352 - 0.90 0.35
2"1.52 +0.03
1%2.10+0.19
X70 TB Edge F+B ) 0.80 1(.)617;
2"91.33+0.31
1%3.05+0.17
X70 TB Centreline | F + Granular B . 0.77 263;0i
2"92.15 +0.30
1%4.01 £ 0.02
. 242+
Normalized TB F+P - 0.60 0.03

2"3.82+0.13
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ref. no. steel type strutture thick / coat. T (°C) anodic electrolyte cathodic electrolyte ic or E¢ Ea Dapp Capp JssulL

1%219+0.11 - -

SAE 1008 F +fine P -
2"92.62 +0.15 - -
1%3.47+0.11 - -
SAE 1008 F + fine globular C - 2"3.94 +0.25 - -

[46] 1 mm 27 0.1 N NaOH 0.1 N NaOH -1100
3"4.18+0.18 - -
1%6.43 + 0.40 - -
SAE 1008 F + fine carbides - 2" 7.78+ 0.39 - -
3"8.01+0.32 - -
M 447 +0.24 - -
0.5 M H,SO,

[35] ASTM SA182 F22 B 1.5mm/Pd n.a. 0.1 N NaOH +200 ppm A0 0.05 200 519+ 0.39 - .
F + globular B 40.00 + 2.98 - -

Bu: BUILD-UP = charge; D:DECAY= discharge; F: FERRITE; B: BAINITE; P:PEARLITE; DP: DEGENERATE PEARLITE; A: AUSTENITE; M:MARTENSITE; C: CEMENTITE
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