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ABSTRACT

The purpose of this investigation is establishing the limits under which hydrogen

flux measurements will work in some conosive environments using the Hydrogen
Vacuum Foil technique. It relies in capturing the hydrogen atoms that permeate through a
steel specimen into a vacuum chamber where they recombine into pain to form
molecular hydrogen. The vacuum decay is proportional to the amount of hydrogen that
permeates through the specimen.

Hydrogen permeation measurements are important because conosion often
generates hydrogen which leads to embrittlement causing delayed fracture in steel
components.
Suitable for qualitative and quantitative analysis of hydrogen flux this technique

should be used in deacrated conditions only. It has relatively short response times to

changing corrosion conditions. Measurements are directly affected by the film formation.

The hydrogen pick-up rate and permeation are a function of the environment, presence of
poisons, and the material. For quantitative analysis the equipment needs to be calibrated.
This work describes the initial scientific investigation using this new technique

and correlates the vacuum induced hydrogen flux measurements with electrochemical
hydrogen flux measurements.
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CHAPTER 1

INTRODUCTTON
1.1. General Background

In every material used fiom deep space to deep sea, hydrogen presents a problem.
Like high blood pressure [l] the problem exists and one may not be aware of it until it is

too late! Just like blood pressure, the situation can be worsened by stress, residual and/or
applied. The higher the stress, the less hydrogen required to make conditions critical.
Hydrogen degradation of structural materials is a very serious problem that has received
increasing attention for the past years. Researchers fiom disciplines ranging fiom
thermodynamics, materials science, and fiacture mechanics were and are involved in
finding the explanation and the solution to the problem that is hydrogen degradation of
materials.
Hydrogen has a bad influence on the properties of all metals: it reduces their

ductility, without exception. Metals often come into contact with hydrogen gas or
hydrogen-producing environments. Once hydrogen has entered the material it leads to
problems at temperatures near room temperature, at which hydrogen embrittlement, HE,
is observed, as well as at elevated temperatures, at which hydrogen attack,

can

occur.
Hydrogen reacts to a certain extent with almost all metals and alloys and it is well
established that hydrogen induces or promotes intergranular cracking in many metallic

materials. Obviously, for intergranular cracking to occur, hydrogen has to arrive at the
interior grain boundaries by diffusion through the lattice, grain boundaries, dislocation
networks, or by dislocation transpon as dislocation core atmospheres [2-71.
Hydrogen, in the atomic form, can enter the materials from steel making, heattreatment, etching, pickling, corrosion, and cathodic protection. Atomic hydrogen can
combine with impurities in steel or with other hydrogen atoms to cause serious blistering

and brittle fracture. Even small amounts of hydrogen can lead to the formation of cracks
and to rapid failure in steels. Hydrogen in its stable molecular form, Ht,cannot penetrate

the steel.
Hydrogen, the lightest element known, and its isotopes, may comprise the most
studied element, from its cosmic role of being continually created in space, through its
role in fission and fusion, in organic compounds including most fuels, to its ubiquitous
presence in solution in solids. The unique aspects of hydrogen diffusion into metals is a
topic of enormous interest having a high technological impoflance to electrochemistry,
surface science, gas-phase physics, materials and corrosion science. Comprehension of
the basics of hydrogen adsorption on the metal surfaces, followed by its interfacial
transfer into the metal bulk is also of great important in recently developing metalhydride science and technology. In corrosion science, knowledge of fundamental steps
involved in hydrogen entry into the host metal is of vital significance in protecting metal
structures fiom undergoing hydrogen embrittlement, a costly and often disastrous
process. Undesirable entry of hydrogen into metal alloys limits its application as a fuel in
space and aviation technology, as well as a fuel in internal combustion engines.
Hydrogen is a difficult species to measure. Since it has only one electron, it is
incapable of an Auger transition and therefore escapes one of the most convenient
detection methods, namely the Auger Electron Spectroscopy.
The low-temperature permeation of hydrogen through steels has been a subject of
broad interest since Cailletet discovered in 1864 that a small amount of hydrogen
liberated when an iron specimen was immersed in dilute H2S04 was absorbed by the
metal. In 1922 Bodenstein found that the quantity of atomic (nascent) hydrogen entering
iron could be varied by the application of a cathodic current [8-91. These two simple
observations demonstrated that hydrogen atoms produced electrochemically may enter
the metallic lattice and permeate through the metal. It is the entry of these hydrogen
atoms into the lattice of the metal that causes embrittlement and, as a result, possibly
catastrophic failure of structures in service environments. HE and stress corrosion
cracking, SCC, are serious engineering problems, and hydrogen permeation is an

important aspect of these phenomena. Hydrogen embrittlement is defined as the
hydrogen-induced loss in ductility and/or strength and can result from hydrogen effects
on either initiation or propagation of fracture. Hydrogen-induced cracking- HIC, is the
major form of HE and is a brittle mechanical failure caused by penetration and diffusion
of atomic hydrogen into the crystal structure of a metal or alloy. HIC develops on
nonmetallic inclusions, such as FeS, MnS, preferential sites for hydrogen accumulation,
or at various traps. Molecular hydrogen fonned at those sites builds-up pressure causing
the rupture of the interatomic bonds, decreasing the cohesive strength, forming voids and
blisters that will led to formation of cracks in the material. Stress corrosion cracking,
SCC, is defined as initiation and propagation of cracks by simultaneous action of

corrosion and tensile stress (applied and/or residual) that can result in failure or
embritlement of steels at stresses below the normal materials yield strength.
The need for permeation data is based on the consideration that there is evidence that
cracks initiate below the surface of the material in the presence of internal hydrogen. The
first information needed for understanding the crack initiation and propagation
mechanism is the rate at which hydrogen is transported in the material. A corollary to this
would be to check the effect of microstructure on hydrogen transport, processes, and
trapping.
Exhaustive statistical analysis of the large existent data on hydrogen permeation has
shown that the most reliable results are those obtained by electrochemical methods using
Pd-coated specimens [lo]. All permeation techniques have in common the measurement
of the time necessary for hydrogen introduced on one surface (input side) to enter into the
metal, migrate through the thickness of the specimen, and then be detected on the exit

surface (output side).
A new method for monitoring hydrogen permeation in metallic materials, called

hydrogen vacuum foil (or Beta Foil) [I 1-14], relies on capturing the hydrogen atoms that
permeates through a steel specimen in a vacuum chamber where they combine into pain
to form molecular hydrogen. The build-up of molecular hydrogen causes the vacuum
decay in a ratio directly proportional to the amount of hydrogen that was permeating

through the specimen. Currently there is generally a total lack of scientific information
with respect to understanding vacuum technology as placed on the outside of components
undergoing corrosion. The Beta Foil can be welded, soldered, brazed, or sealed at the
edges on the structure (pipeline or pressure vessel) to be monitored. There is a great deal
of information required in order to understand and correctly apply this technology.
1.2. Whv Measure Hvdro~enPermeation?

Hydrogen in steel is never beneficial and the effect of hydrogen permeation on steel
is widely documented. Atomic hydrogen can combine with impurities in steel or with
other hydrogen atoms in steel to cause serious cracking, blistering, or degradation of
other physical and mechanical properties. It is extremely imponant to accurately quantify

this hydrogen permeation activity in an industrial environment.

If the hydrogen flux (i.e.,flow rate per unit area) through the steel can be measured,
the hydrogen concentration in that part can be detennined, if hydrogen diffisivity is

known. Several overviews regarding the hydrogen difisivity in pure iron were published
over the years [5,10,15-17,781. The most recent one was completed in 1998 at The
University of Calgary [18] and comprises no iess than 250 sets of data regarding
hydrogen difisivity in pure iron, steel, stainless steel, and aluminum. It must be noted
that hydrogen concentration in steel can be expressed in various units, depending on the

measuring method and on the researcher. For a comparison between the results obtained
by various authors, using the same material and the same experimental conditions, some
correlation and equivalency factors exist. The most recent overview on this subject was
done, again, at The University of Calgary in 1997 [19-2 11. Both overviews were made
available to some sponsors from industry that solicited those informations.

For many cracking mechanisms, there are published threshold hydrogen
concentrations for various steel types, below which cracking will not occur. This is
especially true for hydrogen-induced cracking, HIC, where considerable M C testing was
carried out. Combining the two, monitoring the hydrogen flux will determine when

hydrogen cracking is likely to occur, and the operating process can be changed (e-g., by
inhibition) to get below the threshold hydrogen flux. This requires that the flux monitor
be quantitative [I 31.
Alternatively, the flux monitor can be used simply as a quality device, changes in
relative flux being used to control the operating process. Low hydrogen permeation
activity might indicate a corrosion protection program's efficiency. High hydrogen
activity could be used to develop guidelines whereby particular equipment could be
scheduled for inspection to ensure its integrity [76].
Conversely, effective monitoring which indicates low hydrogen permeation activity
could be used to justify forgoing costly inspections of equipment not likely to be
experiencing hydrogen associated attack. Measurement can evaluate operating schemes
and monitor hydrogen activity due to contaminant metals on cracking catalysts, quantify
hydrogen activity in pipelines, power generation facilities, or other systems, which may
be subject to hydrogen permeation activity.
There are several reasons for using a hydrogen flux monitor [14,22]. By monitoring
hydrogen penneation flux, the potential situations that might lead to cracking can be
tracked. This monitoring would typically be backed-up by periodic ultrasonic
inspection for cracking to confirm the indications obtained by monitoring. The use of a
flux monitor is a relatively low cost option compared with frequent non-destructive

inspection. An important feature of hydrogen flux monitoring is that it is a real-time
device, which can detect short-term upsets in the process, which may result in brief but
high hydrogen fluxes. Such upsets cannot be addressed by non-destructive inspection

techniques.
Hydrogen permeation (hydrogen flux) measurements are pimicularly important in
refineries and gas plants, especially where sour service and hydrogen service are
involved. Also, it is important in chemical and petro-chemical plants, where hydrogen
service is involved and where stress-corrosion situations are expected. Hydrogen flux
monitoring is usefbl in pulp and paper operations, again, where SCC is known to occur.
Other applications include: start-ups in sour systems (including pipelines), before stable

operating conditions are achieved, in any vessel or component known or suspected to
have suffered hydrogen damage, in any vessel or component going into service where
hydrogen damage may be expected.
The main reason for corrosion and hydrogen-related damage is delayed detection.
Dynamic systems are always changing. Therefore, corrosion types, rates, and location
change. Despite best efforts, upset conditions will occur. These can be attributed to
human error, weather changes, function changes, changes due to equipment failure and
changes in products moving through the pipelines. The earlier the hydrogen flux is
monitored, the better the chances of preventing damage. By getting near real-time data
from an internal corrosion-monitoring program, operators can relate this data to events
that caused the corrosion. Then they can lower corrosion rates by adjusting or eliminating
corrosion-causing events.
1.3. Obiectives of the Studv

The objective of this investigation is directed at establishing the limits under which
hydrogen vacuum flux measurement for some selected corrosive environments will work.
A depth analysis on the common parameters that may affect the vacuum flux (presence of

poisons, various corrosive environments that are representative to common industrial
process conditions, various gases, extra amount of hydrogen other than that resulted due
to the corrosion reaction, instrumentation volume) will be performed. The investigations

are directed at establishing the sensitivity of the various parameters affecting these
measurements, to firmly establish both the application and the limitation of the hydrogen
vacuum foil system based on hard scientific information. In order to verify the behavior
response of the hydrogen vacuum foil technique simultaneous hydrogen permeation
measurements were performed using the already established electrochemical permeation
technique called barnacle electrode.

In order to meet the objectives of this investigation the research was carried out in
specific steps in order to isolate and control the different parameters that affect the
hydrogen permeation measurement.

The tasks set out for this study were to:

+

Investigate the sensitivity of the degree of vacuum on the hydrogen permeation

through the system. In addition the degree of vacuum will be looked at with respect to
regular permeation using the electrochemical permeation method.

+

The presence of hydrogen gas in excess of what has formed from the reduction
reaction will also be investigated. Surplus hydrogen gas generated from another
remote location may dissociate at the measurement location and then end-up as
atomic hydrogen diffusing into the material and may affect the vacuum foil
measurement.

+

The effect of various poisons, such as H2S,As, and Se, on the hydrogen permeation
will be investigated.

+
+

Another problem to be solved is that of the deaerated vs. aerated condition.
The alteration of hydrogen flux and corrosion rate is very much dependent upon film
formation on the exposed surface. The vacuum decay rate change as time elapses for
different charging solutions will be investigated.

+

The influence of the capillary tubing length, which connects the vacuum foil with the
datalogger, on the vacuum rate will be also investigated.

+

The hydrogen quantity that permeates through the specimens will be determined.

CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
2.2. Ori~ino f Hvdronen

Hydrogen problems in metallic materials may arise from the pick-up of hydrogen
in the atomic form from: steel making, heat-treatment, cleaning, etching, pick1ing,

welding, excessive cathodic protection, and corrosion. In service, hydrogen may enter the
metal from a hydrogenous environment, which is almost any environment one might
imagine.
Hydrogen can be initially present either externally (in contact with an external
surface) in the form of a molecule, a dissociated molecule or atom, or a component of a

complex molecule, such as hydrogen sulfide, HzS, H10, or methanol, CH,OY or
internally (within the bulk of a structural alloy) in the form of an atom or molecule [4].
In steel, the total amount of hydrogen, HFe, can be considered as a summation of

several terms, as follows [23]:
HFc=HS+Hv+&+Hm+H'a+&.
where:
Hs-

hydrogen in the solid solution.

Hv-hydrogen bound to vacancies.
&i hydrogen fixed on dislocations.
&-molecular hydrogen in the pores.

W.- hydrogen adsorbed on the surfaces.
b-hydrogen bound in chemical compounds (hydrides) or dissolved in chemical
compounds (carbides, non-metallic inclusions, such as FeS, MnS, etc.).
H, and

are known not to cause hydrogen embrittlement.

The exact location and form of hydrogen are extremely important to the overall
embrinlernent process in that they establish the starting point for the hydrogen transport.

Both location and form of hydrogen will have an influence on the number and
type of transport reaction steps required to bring the hydrogen to a location where the
degrading hydrogen-metal interaction can occur [4]. However, it is the mobile (rather

than the total) hydrogen with which we should be concerned. Hydrogen can migrate to
areas of high triaxial stress, thereby magnifying its effect and causing delayed failure
[241-

Since iron does not form a bulk hydride, any chemical interactions leading to
hydrogen embrittlement of steel must occur at the surface [25]. Hydrogen can enter the
metals from gas phase or from liquid phase.
2.1.1. Entry of Hvdronen into Iron-Base Allovs fiom the Gas Phase

The whole process of the take-up of gaseous hydrogen by metals and alloys can
be divided into the following steps 1261: diffision of the gas to the surface, adsorption on
the surface (including dissociation), penetration through the surface, and diffision into
the bulk of material.
The hydrogen molecule can be taken-up only at those sites that are not already
occupied by other adsorbed molecules. Only the molecules that possess certain requisite
activation energy will be adsorbed and the adsorption is only effective if the activation
energy can be dissipated sufficient quickly, otherwise the molecule will be desorbed
again. Each molecule that strikes a vacant site is either adsorbed or returns to the gas
phase. The adsorption process is strongly influenced by the presence of contaminants
andor layers of oxides, sulfides, on the surface. The roughness of the surface also has a
strong influence on the adsorption process. On .an ideally smooth surface a larger fraction
of the impinding molecules will be reflected back into the gas phase than on a very rough
surface.
At the entrance side of the material molecular hydrogen from the gas phase
adsorbs and desorbs from an adsorbed molecular precursor state, H* [27]. Dissociation
and recombination occur between the precursor state (physisorbed) and the chemisorbed
state, H. In the physisorption state the chemical bonds are not broken, the hydrogen

molecule being intact. Van der Waals force couples the molecule to the surface which
does not dissociate. In the chemisorbed state the adsorbate shares electrons with the
substrate. There is a chemical bond between the adsorbate and the surface. Chemisorption
is not always a spontaneous process. From the chemisorbed state, hydrogen can
reversibly go into the bulk of material establishing a subsurface hydrogen concentration,
CH.This hydrogen diffises to the other side of the specimen (output surface) where the

surface reaction is reversed. The surface reaction step is clearly the controlling step in the
penetration of hydrogen into the bulk phase [28]. A schematic of the reactions involved
in hydrogen absorption from the gas phase is depicted in Figure 1 .

Fig. 1: Schematic of the surface reaction of hydrogen in iron.
(after Shanabarger et .aI. [27]).

The reaction steps for the dissociative chemisorption process can be described as
follows [4,27]:

where:

PHI- rate of adsorption fiom the gas phase to the molecular precursor, H*.
pm- hydrogen gas pressure.

G rate constant for desorption from the precursor to the gas phase.
k'- rate constant for adsorption fiorn the precursor to the dissociated chemisohed state.
k"- rate constant for desorption fiom the dissociated chemisorbed state to the molecular
state.

Jerkiewicz and Zolfaghari [30] proposed the following scheme for the two steps

that occur during chemisorption:

H2= 2H*.
2H* + 2M = 2M-han.

[31
[41

where: HZ-energetically rich, atomic hydrogen prior to adsorption.
Considering the equilibrium situation at the surface, one may use the Langmuir
approach to adsorption at an interface, where 0 represents the fractional number of

surface sites that are covered by adsorbed species [25,29]. The Langmuir isotherm is
based on aa equilibrium adsorption for an ideally uniform surface with no lateral
interactions between neighboring adsorbed species. The hction, 0, of the surface
covered by adsorbate is given by:

where:

X- ratio of the rate constants for adsorption and desorption.

n- number of f'ragments formed upon adsorption.
However, the ideal condition of no lateral interactions between the adsorbed
species may not be completely true for many real situations. The adsorption process is
then followed by three-dimensional diffusion into the metal bulk.
2.1.2. Entrv of Hydrogen into Iron-Base Alloys from the Liquid Phase

There are many instances in which metals may occlude considerable amounts of
hydrogen derived fiom aqueous environments. In principle, hydrogen electroadsorption
(electrosorption) can be accomplished fiom either acidic or basic aqueous solutions or
fiom non-aqueous solutions that are capable of dissolving hydrogen-containing acids [303 11. The solid metaUaqueous electrolyte interface is more complicated than the metaVgas
one because the presence of a dense network of water dipoles in the electrolyte, and by
the competitive adsorption of different species on the metal surface.

2.1.2.1.Mechanisms of the Cathodic Evolution of Hvdroeen fiom

Aqueous Electrolvtes
Electrochemically adsorbed hydrogen originates from hydrogen atoms discharged
from H20or H f l * ions at the host metal surface. The adsorption process is driven by the
chemical potential gradient associated at the surface with the fractional surface coverage,

0, and in the bulk by fractional site occupancy [31].
The processes that may take place during eiectrochemical hydrogen adsorption
are illustrated in Figure 2.

PARALLEL PROCESSES OF Ei' DISCHARGE WITH
H SORPTION OR H DESORPTION AS H2
proton dirduqc with chcmiurrption of H
a)
b) ektrodwm$aldcrorprion u HZ
C)

m m b h d v c dnorption u HZ

@

admrbd H

=& ktint#tlH in (Incbye.
Fig.2: Paths for hydrogen adsorption into the metal and desorption by electrochemical or
chemical combination to hydrogen gas at the metal-electrolyte interface.
(after Gao and Conway,[32]).

The sequences presented in Figure 2 may be summarized as follows [32]:

-

Proton discharge with chemisorption of hydrogen.

-

Phase transfer of hydrogen fi-om the surface to interstitial sites in the host lattice, just
below the surface.

-

Transfer of hydrogen fkom the previous state into the bulk by 3-D diffusion along the
chemical potential gradient.

-

Parallel processes of desorption of the adsorbed hydrogen From the surface as
hydrogen by electrochemical step or the hydrogen recombination.
Wilde and Kim [33] have shown that the absorption reaction may be treated as a

simple first order process:

In which the absorption, or permeation flux, J, can be expressed as:
J = ks&

- kdcsC0.

where:

kbs,
kds- specific rate constants for adsorption and desorption processes.
Co- concentration of hydrogen dissolved in the metal at the surface.
Determination of 0 on a corroding metal surface is very difficult due to
complications derived fkom accelerated anodic dissolution of the metal. Wilde and Kim
[33] suggested the following equation for the surface coverage, 0, of a corroding metal:
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where:

if applied cathodic current.
-,i

steady-state corrosion current.

8-steady-state coverage at i,.
F = 96,480 C/mol- Faraday's constant.
R = 8.3 14 J/molK-universal gas constant.

T-absolute temperature.
AE=Ec-Em.

Solution of equation 7 requires data that can be obtained from cathodic
polarization curves for a corroding metal in any environment.
It was found that the evolution and adsorption of hydrogen in any
metaVelectrolyte interface occurs by two or more of the following steps [30-3 1,33-341:

H*+ e' = Ha&
Hacis + Hmis = Hz
Ha&+ H + e - = HI
Ha& = Habs

(charge transfer reaction)

[81

(Tafel recombination react ion)

PI

(Volmer-Heyrowsky reaction)
(hydrogen-absorption reaction., HAR)

[ 101
[ I 11

The first three equations represent the pathways of the hydrogen evolution
reaction, HER.Equation 8 is the electron transfer reaction for HER, so-called because
electrical charge passes through the electrical double layer at the metaVelectrolyte
interface. Following this reaction, the recombination of adsorbed atoms to form adsorbed
molecular hydrogen occurs, as shown by equation 9. The step from equation 8 to
equation 9 is depicted in Figure 3a. The Volmer-Heyrowsky reaction, equation 10, differs
from the previous mechanism by the fact that in addition to the chemical recombination,
equation 9, an elecrochemical recombination occurs, by which the already available
atomic hydrogen reacts with

IT ions to form adsorbed molecular hydrogen

mechanism is depicted in Figure 3b.

[34]. This
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Fig.3 : Reaction scheme for cathodic hydrogen evolution. (after Kaesche,[34]).

The HAR reaction, equation 1 I, describes the interfacial hydrogen transfer from

the adsorbed state to the absorbed state and it is followed by 3-D hydrogen diffusion into
the bulk of the host metal. The 3-D diffision of atomic hydrogen into the host metal,

causing HE, is a parallel reaction to hydrogen recombination [34]. The 3-D hydrogen
diffusion into the metal's bulk is often the rate-determining step in hydrogen absorption
and it limits the chargingdischarging kinetics [30].

It must be noted that, as in the case of chemisorption, the interfacial hydrogen

transfer from the adsorbed state to the absorbed state may be strongly affected by the
presence of small amounts of surface impurities 1301.
Depending on the electrolyte, the overall HER can be written as:
2H30'+ 2e- = H2+ 2H20.

(in acid solutions)

2H20+ 2e' = H2+ 20W.

(in alkaline solutions)

In acid solutions, I E R mechanism takes place in two steps:
H30'+M+e-=Mttd,+OH

(discharge of hydrated protons)

[I41

MH& + H30+
+ e- = H2+n20
+ hi (d-pt
of hydrogen atoms from the
[I51
metal e c e ljy electrochemical desorption)

Similar, in alkaline solutions:
H20+M+e'=rna+OH-

(electrolysis of water)

1161

md.
+ H20+ 6 = Hz + OK + M

(electrochemical desorption)

[I 71

Usually, only a small portion of the hydrogen liberated at the cathode enters the
metal lattice. The rate of hydrogen entry is very much influenced by many variables, such
as [3 11: the nature of the metal or alloy, its composition and thermal-mechanical history,
surface conditions, composition of the electrolyte, temperature, pressure, etc.
With the exception of noble metals (such as Pt, Au, Ir) and Hg, most metals in
aqueous solutions are covered by corrosion film products. Under freely corroding
conditions, in deaerated-neutral or near-neutral solutions, iron and iron-base alloys are
normally covered with films containing Fe(OH)z, Fe304, FeOOH, in addition to oxides
containing alloying elements (such as Cr203, FeCr20d), depending on the existing
conditions at the interface. In sulfide-containing aqueous environments, which are known
to promote the hydrogen entry into the metal phase, the corrosion products may consist of
iron sulfides, such as mackinawite, Fel-,S, troilite, FeS, pyrrholite, Fel.,S and pyrite,
FeS2 [3 51.
It is important to mention that only very rarely does hydrogen evolution occur on
a "clean" iron surface. The real interface is not that between iron and the electrolyte, but
that between corrosion products and the aqueous phase. Many oxides and sulfides of iron
are good electric conductors, thus representing a highly catalytic surface for the

HER*^

occur.
2.1.2.2. E n t v of Hvdroaen into Steel from Sulfide Solutions

Hydrogen sulfide, HzS, is encountered in a large number of environments and it is
known to accelerate general comosion and also the SCC of steels. The embrittlement
observed in H2S-containing media is termed sulfide stress cracking, SSC [36-401. It is
now generally accepted that this type of failure is a result of HE, i.e. enhanced hydrogen

entry into steel.

The metal-water-H2S system is very complex. H2S can be absorbed on the metal
surface as HISor HS' in competition with H2S,OK and possibly

0 2

that is often present

in the electrolyte. The difficulty of measuring H2Sin the aqueous phase contributes to the
uncertainty [3 11.

H2S is a classic example of a diprotic acid and in water dissociates into H S and
S" [3 1,41-431:

HzO+ H2S = H3O' + HS'

[ 181

and

HS' + H20= H3O-+ -'s

1191

In the presence of H2S,HER may be represented by the overall reaction [3 I]:

It is well known that

H2Saccelerates the anodic dissolution of iron and acts as a

cathodic depolarizer. HISaccelerates the discharge of hydrogen ions on a steel surface
according to the following reaction, which is a model of HIS adsorption on Fe [3 1,421:

where: HIS*- molecular precursor.

The dissolution of Fe in aqueous H2Ssolution is usually given by the conversion
of the base metal, Fe, to its soluble divalent cation state, ~ e ~ or
' , iron sulfide, which
depends on the environmental conditions. The corrosion process of metal surface in the
absence of oxygen is [3 I]:

The dissolution of steels in H2S-containing environments would result in the
formation of corrosion products, which may be either protective or non-protective. FeS
precipitates and usually forms an adherent protective coating at low and moderate
temperatures as long as the film is not mechanically disturbed [41].
Atomic hydrogen produced by the sulfide corrosion reaction diffises into the steel
and can either diffuse through the full thickness of the specimen and exit on the other side

or recombine to form molecular hydrogen at inclusions or other microstructural
discontinuities leading to the formation of hydrogen blisters, HIC, SSC, or SOHIC.
H2S-containing environments vary significantly in their ability to promote
hydrogen absorption. The most important variables are [3 1,431: pH, H2S concentration,
temperature, and surface conditions.
Solubility of hydrogen in steels increases with increasing sulfide concentration.
The pH range of high hydrogen activity and ernbrittlement of steel corresponds to the
nable domain of molecular HtS.Theembrittling effect decreases with increasing pH and
once the solution pH is >7 the effect of sulfidesbecomes insignificant [13].
Other sulfide solutions that are known to promote hydrogen entry into steels are
ammonium sulfide, (NH&S, and ammonium bisulfide, N&HS [44].
It must be noted that only the aqueous dissolved part of the sulfides will
contribute to embrittlement and cracking of metals and alloys.
In conclusion, it can be said that sulfides poison the hydrogen recombination
reaction on metal and alloy surfaces, thereby permitting a large fraction of hydrogen
atoms to enter the metal, fbnher accelerating the iron dissolution reaction.
2.1.2.3. Entry of Hydrogen into Steels fiom Molten Salts

Hydrogen absorption reaction,

and hydrogen degradation effects at higher

temperatures can be studied by using molten salts for hydrogen charging. Molten salt
baths consisting of neutral acid and acid sulfates of sodium and potassiom, with or
without addition of small amounts of water, are commonly used. Such examples are [3 I]:
KHS04, NaHS04 and NaHSOd-KHSOs.

The test specimens can be rapidly charged to a high concentration of hydrogen
because both the solubility and difisivity of hydrogen increase with increasing
temperature.
2.1.2.4. Entry of Hydrogen into Steels fiom Non-Aqueous Liquids

There is no mechanism to date to explain how the hydrogen can be transferred
from non-aqueous liquids into the metals. However, it is clear that such a transfer exists
[3 I].

Hydrogen can be introduced into aeels by decomposition of lubricants. It was
suggested that hydrogen can evolve as a results of the thermal decomposition of polymer
macromolecules in lubricants and cooling liquids.
2.1.3. Promoters of Hydro~enEntrv into Steels
It has been established that the rate of hydrogen entry in a metal is affected by the

potential of the metal, nature of the electrolyte, presence of surface layers, temperature,

and/or presence of impurities.
Some elements, "poisons", when present in relatively small concentrations have a
marked effect in increasing hydrogen entry into metals and alloys. The mechanisms of

effects of poisons in promoting hydrogen absorption is often proposed that poisons block
the hydrogen-hydrogen, H-H, recombination reaction and thus favor entry of the
adsorbed hydrogen into the metal or alloy [32]. Some authors [45] have suggested that
the poisons actually deposit on active sites on the surface, resulting in mechanical

blockage of hydrogen entry. However, there is no practical evidence nor theoretical
background supporting this theory.
It has been demonstrated that promoters of hydrogen entry into metals show their
full effect at relatively very low concentration [3 I].

Among the species found to promote hydrogen entry into steels are [28,3 1,43,45]:

-

Compounds of P, As, Sb, Bi, belonging to the V-A periodic Group, and S, Se, Te,
belonging to the VI-A periodic Group.

-

Following compounds of carbon: carbon sulfte, CS2, carbon monoxide, CO, urea,
CON2H4, thiourea, CSN&

-

and carbon dioxide, C 4 .

Active ions, such as: cyanide, CN, chloride, C1; iodide, I*, rhodanide, CNS*, bromide,

Bi, and fluoride, F'.
There are also repofled in the literature, but are inconsistent indications or
assumptions, as to the promoting hydrogen entry effect of Hg, Pb, tin salts, and
napthalene derivates [31]. Recently, Zachroczymski [46] found that addition of

ethyienediaminetetraacetic acid to electrolyte solution arongly accelerated the hydrogen
entry into steels mainly due to the effectively removal of oxides and other scales.

In one of the very few studies available on the effect of poisons in promoting
hydrogen entry into metals and alloys Radhakrishnan and Shreir [45] classified the effect
of poisons according to their effectiveness in promoting hydrogen entry as follows:

They also concluded that addition of Hg and Sn resulted in deposition of these metals
to the cathode, thus decreasing the hydrogen entry rate.
2.1.4. Inhibitors of Hvdro~enEntry into Steels

It was suggested [47] that all three states of hydrogen in steels (mobile, reversibly
trapped, and irreversibly trapped) can be minimized in quantity when specially designed
inhibitors are used.
Inhibitors of hydrogen entry into metals and alloys hnction by [48]:

-

Adsorption as a thin protective film onto the surface of the metal.

-

Changing characteristics of the environment either by producing protective
precipitates or removing or inactivating an aggressive constituent so that it does not
attack the metal.
There is the possibility of controlling the hydrogen entry into metals and alloys by

the use of inhibitors that strongly adsorb and are not embrittlers themselves. The
inhibition effect is due to the kinetic limitations of the hydrogen discharge reaction and
suppression of the hydrogen absorption. By changing the chemical properties of the
substrate, the hydrogen coverage on the surface is decreased, thus the degree of hydrogen
entry is drastically reduced.
An alloy surface with deposited metals (Zn, Bi, Pb) will inhibit the hydrogen

discharge reaction and reduces drastically the degree of hydrogen entry [49-5 11.
Diarnines with long carbon chains are most effective in reducing the corrosion
rate and hydrogen absorption [48-49,521. Phenylpropyonil and pyridylnonadiene are the
most common ones and they reduce the permeation rate by lowering the amount of
hydrogen that discharges at the metal surface. Ethylene and ethane are also known to
reduce the rate of hydrogen entry into metals, while methane is known to have no effect.
Other effective inhibitors of hydrogen entry into metals are calcium bicarbonate,
phosphates, and NaSiO, that protect the metals by forming protective carbonate,
phosphate, and silicate films that act as barriers to hydrogen entry [52].
&Cr207 is effective as an anodic inhibitor. It converts the metal into a passive
state, thus decreasing the hydrogen entq rate [52].
As in the case of hydrogen promoters, hydrogen inhibitors show their full effect at
relatively very low concentrations.
Certainly, there are more inhibitors to be discovered.
2.2. Permeation of Hvdmnen

In addition to its diffision through the bulk metal, the permeation of hydrogen
through steels involves its entrance at one surface and its exit at the other surface of the
specimen. There are seven steps that take place before the hydrogen is detected on the
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output side of the specimen [53-541. Figure 4 shows the seven steps that take place in

the permeation of a hydrogen isotope through a metallic membrane.

Surface
Film

Metal

Surface
Film

Fig.4: Seven steps of hydrogen permeation. (after Stone,[53]).
This model takes into account the presence of surface f i h s on both input and
output side of the specimen. The seven steps are:
1. Adsorption of hydrogen molecule on the surface.

2. Dissociation of the adsorbed molecule on the surface.
3. Permeation of dissociated atoms through the surface f h (oxide).
4. Permeation of atoms through the metal.
5. Permeation of atoms through the film on the output side.
6. Reassociation of atoms to form H2moiecule.

7. Desorption of the reassociated Hzmolecule.

The permeation rate is a consequence of the relative restraining contribution of
the seven steps. Sorting out these steps and learning to control and to use them is of
considerable practical importance. While it is desirable to prevent hydrogen from
permeating through the metals, it is more desirable to prevent hydrogen entering the
metal in the fust place. Electrochemical corrosion, mechanical behavior, and general
rnateriaYenvironmenta1 interaction depend upon the level of mobile and trapped hydrogen
absorbed in the material.

The permeation rate at which hydrogen passes through a specimen will be
established by the difisivity and the difference between the hydrogen concentration at
the input side and the output side.
Under the assumption that there are no surface effects on both sides of the
specimen the hydrogen surface concentration will be equal to the solubility limit for
hydrogen in that metal [53]. As time passes, the hydrogen permeates through the metal
and when the steady-state condition is reached, the concentration gradient of hydrogen
through the specimen will be linear. Then, the following defmition applies [ 5 3 ] :
permeability = diffisivity x solubility.
However, if the permeability is reduced by a surface defect, then the solubility
term changes:
permeability = diffisivity x surface concentration.
The steady-state situation may be associated with the passage of hydrogen
through a membrane. If conditions are maintained constant, the rate of passage
(permeation) usually becomes constant (stationary) after sufficient time. This state is
described by the permeability, p , which is the quantity of hydrogen transferred in one

second through a specimen 1 mm thick and 1 cm2 in cross-section. The non-stationary
state (non-steady-state) is associated with the rate at which a specimen absorbs or loses
hydrogen. The boundary conditions and the diffision coefficient, D, usually describe the
non-steady-state situation.

The process that leads to the deterioration of properties by the hydrogen presence
begins in the first instant at the input side (surface facing the hydrogen). This begins long
before breakthrough. The hydrogen concentration at the input side of the specimen will
always be the highest of any place in the system [53].
In all models dealing with hydrogen permeation it is assumed that the hydrogen
concentration at the output side is zero and that the imposed physical parameter is the
hydrogen concentration just under the input surface.
In the case of steady-state permeation, the diffusion is not inhibited by trapping

either at higher or at lower temperatures and local equilibrium between the dissolved and
trapped hydrogen is established [2]. Hydrogen transport is carried out mainly by the
mobile hydrogen atoms on normal interstitial positions and it is developed by impurities
and substitute elements blocking interstitials, by precipitates decreasing the diffusion
cross-section and by compressive elastic stress fields. Hydrogen trapping itself may
decrease the permeability of a material. Before the traps are filled the measured
permeation rates are at first anomalously low, increasing with time as the traps become
filled. When they are completely filled, steady-state permeat ion occurs at a rate
controlled by the interstitial concentration gradient. The time for equilibrium hydrogen
absorption in a material varies from material to material and from environment to
environment.
The measurement of hydrogen within a material and the correlation of HE with
various parameters is complex. The amount of hydrogen permeating through the
membrane is usually determined by a very sensitive electrochemical method, which will
be presented later, in Section 2.3. Another method for measuring permeable hydrogen
through metallic samples has been developed recently [I I]. It is called hydrogen vacuum
foil (Beta Foil) and will be presented in detail in Section 2.4.
There are three controlled variables that have a strong influence on the hydrogen
permeation rate: temperature, specimen thickness, and the pressure at the input side of the
specimen [37,54].

The effect of temperature on the hydrogen permeability through the metals can be
described by an Arrhenius type equation as follows:

P = mexp(-EdRT)where:
pr permeability, permeation rate.
po- temperature independent factor for permeability.
E$- activation energy for permeation.

R-universal gas constant.
T-absolute temperature.
The activation energy for permeation, &, can be described as follows:
E,=Eo+AH.

where:

ED-activation energy for diffusion.
AH- enthalpy.

The activation energy for diffision, ED, corresponds to the energy surplus
necessary to enable the diffusing atom to overcome the potential barrier for diffusion.
In general, the steady-state permeation flux is inversely proponional to thickness
for large membrane thickness. As the thickness is reduced the steady-state flux becomes
thickness independent. However, there are several important deviations. Oxide films,
usually present on a metal surface, lower the degree of hydrogen dissociation and the
permeation flux is lowered. Thicker oxide films lower the flux even further and the
apparent diffisivity in the layer gets lower than that in the metal. However, significant
reductions in the hydrogen permeation rate are achieved even with very thin films, as thin
as 50 nm [5 1,53,55].
Metailic coatings deposited on a metallic substrate can effectively reduce
hydrogen entry, permeation, and ernbrittlement providing they satisfy a number of
criteria, such as adhesion and cohesion. It was found that Sn, Cd, Pb, Ni, Al, and Zn
coatings decrease the hydrogen absorption in iron because they have lower diffision
coefficients compared with the substrates [49-5 1,566 11.

Erratic permeation measurements that may occur can be attributed to the
alteration of materials that may take place during aging, hydriding, and cracking. Other
uphill effects can be produced by development of asymmetrical lattice deformation
across the specimen thickness, which can be produced either by external mechanical
forces or by internal non-uniform lattice volume changes induced by concentration
gradients of the diffusing species. Due to those effects the period of time required to
establish the steady-state condition for hydrogen permeation can be substantially
prolonged [5 1,551.
2.3. Electrochemical Hvdronen Permeation Measurements

Most methods for determining hydrogen in metals are destructive and
cumbersome and their greatest drawback is that they measure total hydrogen. However, it

is the mobile (rather than total) hydrogen with which we should be concerned. It is
therefore imponant to have a method of determining mobile, or damaging, hydrogen
which can then be related to actual service condition.
Electrochemical methods for investigation of metal-hydrogen systems are
superior to other techniques because of their simple procedure and their flexibility
towards variation of experimental conditions. Moreover, these techniques allow
measurements at very low hydrogen equilibrium pressures. The analysis of the
permeation curves is based largely on the application of Fick's laws and on the theory of
McNabb and Foster [62]. An important assumption in these analyses is that the
movement of atoms through the material can be described by 1-D transpon equations.

The premise is that lateral diffusion of hydrogen can be neglected. Obviously, this is
intuitively true if the membrane thickness is very much less than the radius of the
monitoring area [63]. However, no specific recommendation for an acceptable ratio of
area to thickness is available when designing appropriate test systems. To date, there is
no general agreement on the experimental conditions used in the hydrogen
electrochemical penneation methods.

The electrochemical permeation of hydrogen consists in creating a hydrogen
concentration gradient in a metallic sample to achieve diffision through the metal. This
technique was first developed by Devanathan and Stachurski in 1962 on Pd [64-651 and it
relies on the entrance and exit of hydrogen atoms at metallic surfaces.
The removal of the surface layers that retard the hydrogen passage from the
specimen is a necessary condition for the electrochemical methods to be applicable. It is
common practice to electroplate a thin film of Pd on the output (detection) side to prevent
corrosion of the iron or iron-base alloy specimens. Pd is inen and permeable to hydrogen

and the diffusion resistance of the Pd layer is so small it does not affect or show-up in the
results.
Since electrochemical methods rely on the transport of atoniic hydrogen through
the lattice, alloys that form hydrides and irreversible traps are not recommended for study
with these methods. This is true for metals like V, Nb, Ta, or Ti [66].
A necessary requirement of studying the electrolytic hydrogen permeation

through metallic samples is that the hydrogen permeation rate be controlled by diffision
in the material of the specimen [64-651.
2.3.1. Devanathan-Stachurski Method

The so-called Devanathan-Stachurski method is a very sensitive electrochemical
technique that permits the recording of instantaneous rate of electrolytic hydrogen
through a metallic sample. A schematic of the Devanathan-Stachurski cell is depicted in
Figure 5.
The cell is composed of two compartments separated by the specimen to be
measured, which is cathodicdly charged with hydrogen or exposed one side to a
corrosive environment. Each compartment carries an auxiliary electrode, a Luggincapillary-saturated calomel reference electrode system, SCE, and facilities for nitrogen
bubbling.
Solutions from both compartments should be deoxygenated in order to reduce

background current arising from the reduction of oxygen.

I.

Tcsiing cell
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3.
4.
5.

Drair~cock
Rcfercnce elcctrodc
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Steel specicren
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A Input sidc

B Output side (Dcicction sidc)

Fig.5 : Schematic of a Devanathan-Stachunki cell. (after Casanova, Crousier,[67-681).

In the anodic compartment (output side of the specimen) the solution employed is

NaOH.Controversy exists regarding the normality of the NaOH solutions to be used. It is
obvious that the conductivity of various NaOH solutions is not identical and the solution
resistivity varies considerably for various concentrations. The effect of solution resistance
should not be great since the current measured through the cell is very small. It was
suggested [69-731 that the proper solution to be used should be 0.2N NaOH.
Diffusion theory required that coverage of the specimen with adsorbed atomic
hydrogen on one side be maintained at a certain fixed level, while on the opposite side it

shuld be always zero. Cathodic polarization of one side and anodic polarization of the
opposite side easily satisfies these conditions, by the use of a potentiostatic circuit [64651. The output side of the specimen must be polarized at a potential high enough to

oxidize all the hydrogen atoms that are emerging before they recombine, which would
give hydrogen bubbles.

The anodic potential has to be chosen to ensure oxidation of all the hydrogen

coming out of the specimen. Any potential above (more negative than) the reference
potential of hydrogen can do this [74]. However, this negative potential will also oxidize

iron, and will even do this preferentially to oxidizing hydrogen (since

Eod~m(~e)=

+0.409V).In order to prevent this f?om happening, the output side of the sample can be

coated with a metal that is noble enough (very negative EodUm) to withstand corrosion
at the imposed anodic potential. Pd was used such a protective layer. It is permeable to
hydrogen, its potential is quite high (-0.83V),its difisivity for hydrogen is of the order
of 3.2 x

lo-'

cm2/'/sec,and its hydrogen solubility is very much higher than iron (approx.

lo6times higher). Pressouyre [74] gave the following limits for the anodic potential:

anodic potential > Emd4refH2 electrode) > -0.830V.
If the specimen to be measured is cathodically charged, very imponant is also the

choice of the cathodic potential. In order for the reaction 2H20 + 2e

=

Hz + 20K to

occur, the cathodic potential had to be greater than 0.830V[74].
Deionizing the solution is a very important step, because all the reactions with an
oxidation potential less than 0.830Vcould occur as a reduction reaction (ex: ~ e ' - + 2e =
Fe). This would have resulted in deposits on the input side of the specimen, which could

have reduced its permeability to hydrogen. The solution must be deionized and then

electrolyzed at a current of few mA.
Hydrogen that passes through the specimen and reaches the output side is

immediately oxidized to hydrogen ions by the potentiostatic circuit that maintains a
constant anodic potential. At this potential, any hydrogen reaching the output side is
oxidized. In such conditions, the only anodic reaction that can take place is the oxidation
of atomic hydrogen according to the H = I
T + ee'reaction [74]. The arrival of first traces
of hydrogen on the output (anodic) side of the specimen is measured and registered as an

increase in the current. This current continues to increase with time and eventually will
reach a steady-state value. The potentiostat supplies the current necessary for hydrogen
oxidation, and the potentiostatic current is a direct measure of the amount of hydrogen
leaving the output side of the specimen. The current in the anodic potentiostatic circuit,
which maintains zero coverage on one side of the specimen is by Faraday's law a direct
measure of the instantaneous hydrogen permeation rate. It is thus possible to obtain

a continous record of the instantaneous hydrogen permeation rate with all the sensitivity

associated with current measurement.
Immediate oxidation of all atomic hydrogen reaching the output side maintains
the hydrogen content at (or near) the surface very close to zero, as required by the
diffusion theory [64-65,74,76-783.
Diffision data may be extracted fiom experimental permeation curves, which
gives the hydrogen flux versus time. The flux of hydrogen through the specimen is
measured in terms of current density, I, which, in

tun,

is used to express hydrogen

penneation flux according to the following equation:

The permeation rate is defmed by:

where:
I,- steady-state permeation current density.

J,- steady-state hydrogen flux.
z- number of electrons transferred.

F-Faraday's constant.
L-specimen thickness.
Several mathematical models were developed and proposed in order to explain
the permeation behavior of hydrogen through iron and iron-base alloys. Some take

trapping into consideration, some do not. However, concerning the input side

concentration it is generally assumed to be imposed instantaneously whatever the
charging method. In all models it is assumed that the hydrogen concentration at the
output side is zero.

The Devanathan-Stachurski method is very versatile in that of the numerous
possibilities of varying, experimentally, the boundary conditions at both the input and
output sides of the specimen. The sensitivity of this method reveals details in the
permeation not detectable by other monitoring techniques.
2.3.2. Barnacle Electrode Method
A modification of the Devanathan-Stachurski method is the technique which is

used in the "barnacle-cell", so-called because of its attachment to the metal surfaces. In
the barnacle electrode system only the extraction side of the Devanathan-Stachurski cell

is used [24,79-821.

The idea is to attach the anodic (extraction) side of the penneation cell onto the
steel stmcture to be measured and with the aid of a non-polarizing electrode (cathode) to
oxidize the hydrogen atoms that are electrochemically induced out of the metal to the
water, thus maintaining zero hydrogen concentration at the output side of the steel
(anode). The major simplification of the barnacle electrode technique is the use of the

non-polarizing electrode to replace the potentiostat. Initially, a AB/Ag20 electrode was
used. Though the AgIAg2O electrode exhibited better long term stability than the Ni/NiO
electrode, the latter proved to have sufficient stability. It was therefore chosen since it is
more readily obtainable [79].

The barnacle electrode consists of a steel specimen (anode), a NiINiO electrode
(cathode), and a Teflon block that has a circular opening and a rubber gasket, which,

when clamped to the specimen, defmes an exact area. For uneven surfaces, such as welds,

a neoprene rubber gasket can be used between the cell and the specimen. The cell is filled
with NaOH solution, which maintains the steel in the passive condition so that oxidation

of the iron did not contribute to the current measured. The system is activated when the
NaOH solution is poured into the cell. The measurement of the oxidation current is made
by using the voltage QR)drop across a resistor or by using a current follower-circuit. The
output is monitored with a strip chart recorder. Because the oxidation current is very high

and continuously changing in a major manner at the start of the measurement, it is not

recorded for the fmt 10 minutes. It has been determined [80] that a 30 minute reading
leads to better precision because the rate of change of the current is almost insignificant

at this time.
A schematic of the barnacle electrode system employing a NiMiO electrode is

depicted in Figure 6 and a more complex one, employing a potentiostat, that will be used
for the present research program, in Figure 7.
NaOH Sohation(Electrolyte)

Fig.6: Schematic of the barnacle electrode employing a NiMiO electrode.
(after Lucas and Robinson,[81I).

Fig.7: Schematic of a more complex barnacle electrode circuit employing a potentiostat.
(after Shaw,[87]).

Assuming a uniform initial distribution of hydrogen in the specimen, the
hydrogen oxidation current is measured and related to the mobile hydrogen concentration
by the solution to the diffusion equations. Barnacle electrode hydrogen extraction
transients (current density versus time) obey the equations resulting from the solution of
the diffision equations so long as the specimen thickness is sufficient to ensure proper
boundary conditions. This also means that no oxidation reactions other than that for
hydrogen are significant [24]. The oxidation current can be related to the hydrogen

concentration in the metal by the first tern solution to the Fick's second law.
Figure 8 shows the boundary conditions for the barnacle electrode [24,79,82].
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Fig.8: Boundary conditions for barnacle electrode hydrogen extraction [24].
The diffision (Fick's) equations to be solved are:

where:
z- number of electrons involved in the oxidation reaction ( ~ 1 ) .

I- permeation current density [ p ~ c m 2 ] .
F- Faraday's constant.

D- hydrogen diffision coefficient in the material [cm2/sec].

c- hydrogen concentration in the material [mol/cm3].
t- time [sec.]

x- distance into the specimen [cm].

For the barnacle electrode the equation of interest is Fick's second law, equation
28. The equation is to be solved with appropriate boundary conditions. Using a Laplace

transform method and several simplifications the solution to equation 28 is [24,80-821:

It has been demonstrated that equation 29 holds true for the actual times for

measurements, usually on the order of 30 minutes [24,80].
If the experimental extractive current density-time transient fits the theoretical

curves plotted from equation 29, and if the hydrogen diffision coefficient in the material
is known, a measurement of I at any given extraction time will give the hydrogen
content,Co. If D is unknown, the value of D ' ~ C O
can be determined; that is, the current
(or current density) at a given time is proportional to the hydrogen concentration [%I.
The barnacle electrode has proved to be a fast, sensitive, and reliable monitoring
technique for hydrogen permeation in metals. It has the ability to detect amounts of
mobile hydrogen atoms less than 0.1 ppm [24,82]. The method is applicable to detect
changes in hydrogen content in service, especially for high-strength low-alloy, H S L q
steels that have relatively high hydrogen difisivities and low background currents.
The barnacle electrode system is applicable to a wide variety of situations:

-

To determine threshold hydrogen values for indexing the degree of embrittlement.

- To study the delayed failure and hydrogen migration in plated steels.

-

-

To determine the hydrogen loss in weldments as a function of time.
To detennine changes in hydrogen concentration after constant load testing.
It should be noted that a difference exists between the barnacle electrode and the

Devanathan-Stachurski method since in the first one there is a time interval between
charging and extracting. Also, by using the barnacle electrode method a measurement of
the oxidation current at any time will yield the hydrogen concentration according to
equation 29 derived fiom Fick's second law, while using the Devanathan-Stachurski
technique the absorbed hydrogen concentration can be determined from the foilowing
equation, derived fiom Fick's first law:

It must be noted that the degree of embrittlement is a fbnction not only of the
hydrogen concentration but also of the material, including its heat-treatment and its
geometry, which determines the stress concentration at notches and sharp comers. It is
therefore necessary to do mechanical testing and correlate failure data with the
electrochemical measurements for the material of interest.

2.4. Hvdto~enVacuum Foil Technique

Originally patented in 1993, the Hydrogen Vacuum Foil (Beta Foil) technique
provides a qualitative evolution of corrosion activity and hydrogen flux permeation.
Through the ability of the Beta Foil to trap mobile hydrogen, this technique proved itself
to be very well suited to the study and monitoring of HE problems in petrochemical
facilities [13]. The Beta Foil measures the hydrogen flux indirectly, as a pressure increase
inside the foil.
The hydrogen flux originates from the hydrogen atoms that are liberated at the
cathode during the electrochemical process of corrosion. Graphically, this process for a
pipeline is illustrated in Figure 9.
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Fig.9: Schematic of corrosion process inside a pipeline and the Hydrogen Vacuum Foil
(Beta Foil) assembly [I 31.

The atomic hydrogen flux generated as a result of corrosion on the inside pipe

wall is captured under the Beta Foil as shown in Figwe 10.

Foil

-

Fig. 10: Schematic of the Beta Foil principle (after Shaw and Matei,[85]).

Beta Foil consists of a thin (approx. 0.127 mm) 3 16 stainless steel foil, usually in
6 or 12-in. square configurations [l 11. Other configurations can be produced to fit around

nozzles or on elbows. The foil is attached to a length of capillary tube and the foil is
applied directly onto the surface of the pipeline or vessel to be monitored by means of
adhesive. This adhesive seal is only a perimeter seal and no adhesive is applied under the

foil itself At the other end of capillary tube, which can have a length of a few feet or a
few hundred feet, a tree assembly is located. This tree assembly allows taking vacuum
readings, establish the vacuum if corrosion decays it, and isolation of the vacuum after it
is established. The tree assembly is located inside an instrument box for weather

protection, and to prevent tampering. The Beta Foil configuration is presented in Fig. 1 1.
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Fig. 1 1: Beta Foil configuration,[84].

The thin stainless steel plate is designated to capture the molecular hydrogen as it
is generated from the atomic hydrogen escaping to the outside surface of the pipeline and
into the space between the pipe's outside and the foil's underside. Since the definable
chamber of this hydrogen foil is under vacuum, the hydrogen atoms react almost instantly
to

fom

molecular

hydrogen

gas

according

to

the - following

reaction

Hydrogen molecules are many times larger than the single hydrogen atom, and
are unable to escape eom the vacuum chamber. As more atomic hydrogen escapes into
the space between the pipeline and the foil and the molecular hydrogen, Hz,
build-up, the

vacuum foil will decay in a ratio proportional to the intensity of the atomic hydrogen
permeation taking place from the pipe's inside surface.
Because the Beta Foil works under vacuum, there is almost no air trapped beneath
the foil. Also, because a vacuum or a partial vacuum is relatively immune to temperature
changes the data gathered in a vacuum are even and are not subject to the wide
temperature-induced swings [ l 1- 13,839841.
Not all of the atomic hydrogen necessarily migrates into the steel of the pipe or
vessel. Depending upon the process, and the corrosion environment, a certain percentage
of these atoms can recombine on the inside surface of the pipe or vessel to form
molecular hydrogen gas, HI.This hydrogen gas ultimately goes into the product stream
and is lost in the process flow.
Data (vacuum loss) can be retrieved using a manual vacuum gauge system, online
(SCADA) system, an automated (datalogger) system, or by a Low Emh Orbit, LEO,
satellite system [ 131.
The manual gauge system is utilized where the access to the site to be monitored
is easy and where the pressure gauge can be frequently read. Depending on the severity
of the corrosion or hydrogen penneation the readings can be take as frequently as one per
hour or, on locations with little hydrogen activity, twice a month.
The online, S C A D 4 system is used in those locations with easy access to power
sources and SCADA control panels.
The datalogger system seems to be the most accurate in retrieving data From the
Beta Foil. Using the datalogger hooked to a pressure transducer one can store months of
foil data if necessary. The pressure transducer convens the differential or gauge pressure
signal into an electric signal for the datalogger. No external power is necessary as an
internal battery lasting up to 5 years powers the device. The datalogger system provides

the monitoring up to one per hour and records data more accurately than can be done
manually by reading the standard pressure gauge. On top of that, as many as three
different foils can be hooked to the same datalogger. The data that is stored in the
datalogger can then be downloaded and processed into a computer. This system is

recommended for sites where technicians would be visiting every 30-60days.

The Beta Foil data can be also retrieved by using a state of the art network of 12
Low Earth Orbit, LEO, satellites that continuously circle the earth. The pressure reading
is taken &om satellite, then the information is transmitted to the nearest emh station, then
to the Orbcomm (who operate the satellites) control center in Dulles, Virginia, and then
to the customer via fax or Internet. The satellite retrieval gives the opportunity to put Beta
Foil sensors in remote and/or difficult to access areas where data retrieval would have
normally been cost prohibitive.
Beta Foil software completes the system. It is available in three versions [86]:
manual entry into PC, use of the datalogger for downloading and uploading, and a &I1
SCADA system.

The Beta Foil is a masterpiece of simplicity and exhibits several clear advantages
over other existing corrosion and/or hydrogen flux monitoring:

-

As there are no electronics involved and no access into any environment, there are no
safety considerations to be worried about.

-

The Beta Foil can be installed in buried locations, underwater, or on the surface.

-

The Beta Foil can be installed on site without interrupting the process.

-

The Beta Foil can be used virtually anywhere one might need to monitor internal
corrosion (hydrogen flux): oil and gas production, petrochemicals, gas plants,
pipelines, pressure vessels, pulp and paper, mining and smelting, waterfloods, steam
systems hot water systems, manufacturing processes etc.).

-

There are no temperature limitations. The Beta Foil can be epoxied, soldered, brazed,
or welded in place.

-

The Beta Foil can be of virtually any desired shape and size.

-

Except for periodic re-inducing the vacuum, the Beta Foil is maintenance-free and

does not require a power source.

-

The Beta Foil is non-intrusive.

-

The Beta Foil is sensitive to the smallest amount of hydrogen flux.

The Beta Foil monitors the actual corrosion of the pipe or vessel to which it is
attached. In other words, Beta Foil effectively turns the pipe or vessel wall into a

corrosion coupon.

-
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The Beta Foil is simple to operate and the software is user-friendly.

The competition to Beta Foil in monitoring hydrogen permeation is the Barnacle
Electrode and the Devanathan-Stachurski cell. In those latter two techniques there are
few main disadvantages: problems of leakage, limited applicable temperature range,
readings susceptible to changes in temperature, electrolyte concentration. size of cell,
material of the cell [69]. Also, both techniques need an external power source.
The development of the Beta Foil permeation technology for precision hydrogenflux permeation monitoring has allowed the pipeline industry to be able to monitor
accurately and rapidly almost all metal structures desired. The speed and control of
hydrogen flux permeation had been found to exceed all expectations with changes in flux
rates due to internal corrosion intensity being measured in minutes and hours rather than
what the previous methods offered of days and weeks.
Although the flux rates vary due to many processes and system parameters, there
are three hndamental principles that have evolved [11- 14,83-841:
I . Regardless of the percentage of internal atomic hydrogen that is emitted as a flux, it

always represents 100% of the corrosion. Therefore, by reducing the hydrogen
permeation rate (hydrogen flux) by 50%, the corrosion is reduced by 50%.
2. The versatility of non-intrusive monitoring allows for precise placement of the foils.
3. The sensor is the structure to be monitored and therefore no false readings are

obtained.
It does not matter what caused the corrosion or the ratio of hydrogen atoms that

are liberated. The principle of hydrogen flux to corrosion intensity is a reliable
measurement of corrosion activity.

CHAPTER 3
EXPERIMENTAL TECHNIQUE AND PREPARATION
3.1. Test Material

The material investigated is AlSI 1018 steel in hot-rolled condition. AISl 1018
steel was chosen because it is a representative material, 95% or more of the existing
pipelines and pressure vessels exposed to corrosive environments being made fiom this
type of low-carbon steel (0.18%C). Also, hot-rolled steel is much HE resistant than the
cold-rolled one. All the specimens are 3.2 rnm in thickness. Exposed areas of the various
types of specimens are 15.2 x 15.2 cm for the vacuum foil specimen, and 2.54 crn
diameter for the barnacle eiectrode specimen. Both sides of the specimens were hand
ground to 600 grit in order to remove the scale from the surface. The specimens surface is
consistent for all the tests. The specimen surface will affect the corrosion rate, hydrogen
pick-up and permeation conditions.
33. Solutions Used

Three different solutions have been used in the testing cell. The fmt solution was
NACE TM-0177-90, the second and the third ones being formulated by CANMET.
NACE solution is representative in being one of the worst in evaluating materials in oil

and gas industry. It is used extensively as a reference to material environment behavior.
Since there are no standartized solutions that have evolved to date, a number of
formulations as used by CANMET were selected. The CANMET solutions are set using
some base of NaCl and various pH values being buffered. The solutions chemistry is as
follows:

CANMEW1 mlution

NACE solution
(set pH = 2.44)

(set pH = 5.9)

CH3COONa3H?O 5g
NaCl
5Og
Hz0
1L

CH1COONa3H20 27.86g
2 mI
HCI
NaCl
NaOH
Hz0

5g
0.5g
1L

CANMEW3 solution
(set pH = 1.1)
Nacl 99.9g
HCI 6.06g

H20 946 m1

3.3. Test Eaui~ment
3.3.1. The Wvdronen Vacuum Foil Cell

In order to achieve the objectives of this research program and to carry out
comparative testing, a specialized cell was used. This unique cell was designed and made
at The University of Calgary in 1997 [85]. The cell incorporates three ports such that a
variety of parameters can be monitored and measured simultaneously. One port is used to
measure the hydrogen permeation using a barnacle electrode. Another port consists of a
larger sized specimen with the Beta Foil attached on the back side of the specimen and
the pressure being monitored as a function of time. The special cell will allow direct
comparisons between permeable hydrogen rates and changes in the vacuum. The cell is
made out of AlSI 1018 mild steel with the wall thickness of 0.3 1 cm, is 40 cm x 20 cm x

25 cm, and holds 18 litres of working solution.
A schematic of the cell (with the foil and barnacle electrode attached) is presented

in Figure 12. Photos of the cell, front and back, without the foil and the barnacle
electrode attached, are shown in Figures 13 and 14. A close-up of the cell with the
vacuum foil attached is shown in Figure 15. A Plexiglass lid seals the top of the cell and
allows passage of instrumentation as well as gas inlet and outlet pons.

The working solution is continually circulated through the cell with the assistance
of an exterior plastic centrifugal pump with a flow rate of 15.89 L/rnin. This translates
into a solution change within the cell of 1.13/min.This will ensure that the corrosion on
the sample is maintained fairly consistant and that stagnation of corrosion products is not

occuning throughout the cell.
The bottom of the cell is c o ~ e c t e dto a drain, which makes it possible to drain
the solution after each experiment.

TESTING CELL

Solution

Potcntiostat

Fig. 12: Schematic of the special testing cell [85].

Fig. 13 :Close-up of front side of the cell.

Fig. 14: Close-up of the back side of the cell.

Fig. 15: Close-up of mounted vacuum specimen.
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3.3.1.1. Coatings for Steel Fabricated Eauipment

The cell is electrically isolated and corrosion protected, having been covered on
the interior and on the exposed areas (around all ports) with a coating material. In this
regard, a number of coatings were evaluated before use. First, two Teflon coating
materials supplied by Whitford Corporation were applied and evaluated. The Teflon
coatings were put on as an undercoating (XYLAN-P-92DF Primer-Sealer) and a top coat
(XYLAN- 1014DF870 Black) and were baked in oven at 200'~ in order to have them

cured properly. The advantage of the Teflon coatings were that extremely thin coating
thickness results. However, long term exposure to many of the extremely corrosive
environments that were being used for this study resulted in general deterioration of the
coating after a period of approximately a month, generally blistering took place
indicating the presence of small pin holes. Thus, Teflon coatings can be used for various
periods of time but eventually must be removed by sandblasting afier each experiment

and then re-coated.
Another coating material was also evaluated and used, that being a polyurethane
with crumb rubber addition. This coating material is found to be extremely durable and is
generally the material of preference for long term equipment exposure. However, the
coating thickness is considerably thicker and therefore some of the intricate parts cannot
be coated with this material. For these components Teflon coating must be used.
3-3.2.The Barnacle Electrode Cell

Electrochemical permeation of hydrogen was measured using a Teflon cell
(barnacle electrode) with a 2.54 cm diameter specimen exposure, a liquid cell volume of
70 ml and a position of the auxiliary electrode at 53 mm from the specimen surface,

attached to the back of one specimen [72]. Therefore, one side of the permeation
specimen was exposed to the solution in the large cell and the other side was exposed to
the barnacle electrode solution that is 0.2NNaOH.

A close-up of the hydrogen vacuum cell without and with the barnacle electrode
attached on the fiont is prewpted in Figure 16 and 17.

Fig. 16: Close-up of the cell without barnacle electrode attached.

Fig. 1 7: Close-up ofthe cell with the barnacle electrode, Luggin probe,

and circulating pump attached.

3.3.3. Potentiostat
A potentiostat was used for all electrochemical testing for this project. The

potential was able to hold a constant voltage on the steel specimen of -0.340V versus
saturated calomel electrode, SCE, and to obtain a recording of current. The anodic
potential was chosen to ensure oxidation of all hydrogen atoms coming out of the
specimen and to avoid steel oxidation A fiont panel display provided readings of the

current. The potentiostat was also connected to a computer capable to take and store the
data (hydrogen oxidation current) every minute. The average values of the current density

after each 5 minutes were recorded and printed out.
3.3.4. Reference Electrode
A saturated calomel electrode, SCE,was used outside the barnacle cell via a salt-

bridge (Luggin-probe) to provide feedback to the potentiostat. The SCE was immersed in

a beaker filled with 0.2N NaOH solution. The NaOH solution (also used in the barnacle
electrode) maintains the specimen surface in a passive condition so that oxidation of steel
does not contribute to the measured current.
3.3.5. Awriliarv Electrode

The auxiliary electrode was made of AlSI 3 16 stainless steel, with a 2.54 cm in
diameter and was placed inside the barnacle electrode. This electrode was also connected
directly to the potentiostat. The auxiliary electrode is commonly used in polarization
studies to pass current to or fiorn a test electrode.
3.3.6. Salt-Bridee
A Luggin-probe salt-bridge (conducting path) comected the barnacle electrode to

a beaker filled with O.2N NaOH solution containing the reference electrode.

3.3-7. Hydrogen Vacuum Foil

The vacuum foil was attached on the back of the plate specimen with an active
area being 15.2 crn x 15.2 cm. Between the specimen and the port an O-ring gasket was
placed in order to prevent any leakage. The foil is made of AISI 3 16 stainless steel, 0.127

mm in thickness, and was attached by sealing with epoxy around it's edges.
The applied vacuum at the start of a test was 80 kPa below atmospheric pressure,
or 604 tom, or 0.78 am., or 0.8 bar, or 601.14 mmHg. The foil was evacuated and the
vacuum re-induced every time it approached 20 kPa vacuum.
The capillary between the foil and the pressure transducer was 1.70 mrn in
internal diameter with a length of 3.10 m. In order to study the influence of capillary
length on the vacuum decay response time capillaries with a length of 1.24 m and 18.60

m respectively, were also used.
3.3.8. Vacuum Data Recording Module
A Beta pacM data recording module (datalogger model CP-XA) connected to a

pressure transducer was used for storing the vacuum readings taken automatically every
hour during the experiments. At the end of each experiment the collected data was
downloaded into a computer (using the LS-4 Datalogger version 4.3X s o h a r e by
Lakewood Systems Ltd.) and then imported into Betaworks 32 software for graphing.
From Betaworks 32 the graphs were imported again, into Excel.

The overall equipment set-up, including: the so-called Beta box (containing the
datalogger, pressure transducer, pressure gauge, and the manual pump for re-inducing
vacuum), the experimental cell with the barnacle electrode cell and the Luggin probe
attached on the back of the large cell (the attached Beta Foil is not visible in this
photograph), the centrifhgal pump for circulating the working solution, the potentiostat,

the computer used to record the oxidation current, bottles with various gases used (HD,

H2,AT1 a),
and Tygon tubing connections are illustrated in Figure 18.

Fig. 18: Overall equipment set-up.
Most individual tests were run 10 or 14 days in duration, some tests went on for

periods from 4 to 6 weeks each. Thus, quite a varied duration in testing time took place.

The testing time is dependent upon fM obtaining steady-state conditions and second in
accumulation of sufficient hydrogen for accurate measurements.
3.3.9. Discussion of Errors and Variability

The accuracy of the measurements is a very important aspect for this present
research program. The accuracy of the datalogger pressure measurements is

within rlkPa, while for the manual readings is r2kPa. The measured hydrogen
oxidation current is accurate within rO.l-O.SpA, while the voltage supplied by the
potentiostat is 1mV accurate. The time measurements as performed by the computer are
accurate within 5 min/month.

From duplicate tests, under same experimental conditions, the voltage of the
potentiostat varied between 0.33 9-0.342V,while the presure detected by the datalogger

varied within I0.1kPa.

CHAPTER 4
EXPERIMENTAL RESULTS A N D ANALYSIS

Table 1 presents the summary o f all the 16

tests

that were carried on for the

present research program. The total duration of the tests was 5,520 hours, or 230 days. 38

sequences of various environments were analyzed. The last column in Table 1 indicates
the scope of the each test.

1

Sequence of
environments
NZonly

Test no.

Solution

1

3
4

NACE
NACE
NACE
CANM€T#1

N2-H2S-N2
N2-H2S-N2
N2-H2S-N2-HzS-Nz

4.020 mln. (67 hrs.)
10.650 min. (178 hrs.)
5.960 mtn. (100 hrs.)
17,035rnin (284 hrs.)

check cell
effect of H,S
effect of H2S
effect of H2S

5

CANMET#1

N2-H2S-N2-H2S-air-N2

31,405 min (524 hrs.)

effect of H2Sand air

6

NACE

N2-air-Np-H2S-Nz

42.300 min. (70C hrs.)

effect of air and H,S

7

NACE

N2-air-N2-H2S

43,300 min. (721 hrs.)

effect of air and H2S

8

NACE

N2-Hz-Ar

53.020 min (884 hrs )

effect of ~nertgases

9

NACE

N2-H2S-N2-H2S

50,080 min (834 hrs )

effect of capillary length

10

NACE

8,890 min. (148 hrs.)

effect of extra H2

11

CANMETtil

NTH2-N2
N2-HZ-N2

7,215 min. (120 hrs.)

effect of extra H2

12

CANMET#3

N2-H2-N2

10,110 min. (168 hrs.)

effect of extra H2

13

CANMETkt3

N2-H2-N2

18.630 rnin. (310 hrs.)

effect of extra H2

NACE
NACE
NACE

N2 only

12,900 rnin. (215 hrs.)

effect of As

N2only

8,580 min. (143 hrs.)

N2only

. 7,125 min. (1 18 hrs.)

effect of Se
effect ofSe

I

2

14
15
16

1

Duration

Table 1: Summary of tests performed.

.Scope

4.1, Electrochemical Permeation Bebavior

4.1.1. Transient Barnacle Electrode Behavior
A steady-state condition was obtained using the various environment

combinations, starting the test off with nitrogen, N2,gas. Once a steady-state condition
had established itself then a change in gas was made which in turn resulted in a transient

occuring. The results of these transient response times are given in Table 2, both for the
barnacle electrode and the Beta Foil. Where "no change" is written in the table it means
that there was no change in the electrochemical permeation behavior, or that change was
so small (less than 1 w
2
4 h) it was considered negligible. The same type of criteria was
used for the Beta Foil, where the slope of the vacuum decay versus time remained the
same.

It can be said that a fairly rapid response (13 minutes, average value) takes place
especially when H2S is introduced into the system, that is going &om N2 to H Z S The
response time when switching back, fiom H2S to N2,is much slower. This is due fmt to a
time period required for the HIS that is dissolved in the solution to dissipate and second

due to the fact that N2does not promote hydrogen absorption on the steel surface to the
same degree that H2S does. The latter is a poison known to promote HE by permitting a
large hction of hydrogen atoms to enter the metal and hrther accelerate the iron
dissolution reaction. Poisons are known to block the hydrogen-hydrogen, H-H,
recombination reaction and thus favor entr). of the adsorbed hydrogen into the metal or
alloy. Two typical response behaviors for these two cases are illustrated in Figure 19 and

Figure 20. Figure 19 presents the electrochemical response for the sequence going fiom

N2to H I S . Here a very sudden spiked response occurs. Later the steady state establishes
itself at a lower level due to film formations on the steel surface. The film formed on the
surface was observed at the end of the test. The other response going fiom H2S to N2is
depicted in Figure 20. In this case a long elapse time occurs then a peaking followed by a

settling down to a higher hydrogen diffusion rate as the film formation is removed fiom

the specimen's surface.

Another typical response is shown for an environment that does not form a

corrosion film on the surface. Here a twical overshoot type of response takes place.
Figure 2 1 . This is familiar to those using the eiectrochemical permeation measurement
technique. However, it is not very clear why this form of a response takes place.
En vironmental
sequence

TesVSolution

Time elapsed
from beginning
of test [min.]

Beta Foil
Response time
[min.]

Barnacle Electrode
Response time
[min.J

r

Test#SICANMET#1

N2-H=S
H2S-N2
N2-H2S
HIS-atr
a~r-N,
N,-atr

2.680
12.000
18.970
21.865
24,995
30,095

N,-a~r
a~r-N?
N?-H2S
H2S-N2

4.500
12.720
32.970

30
150
30
15

55
65

15
405
35
30
not delerrn~ned
not delerrn~ned

A
-

TestMINACE

37,320

10
not Cetermtned
30
10
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Table 2: Transient response comparisons of hydrogen permeation.
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Fig.21: Barnacle electrode response behavior going fiom N2 to H2S(NACE sol.).
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4.1.2. Steadv-State Barnacle Electrode Behavior

As shown in Figures 19, 20, and 21, a steady-state condition requires a

considerable period of time to establish itself. Theoretically a full steady-state condition

is not attained, a small continuous decrease in the oxidation current was observed even
after longer times of cxposure (more than 10 days). However, a steady-state condition
was defined as being when the decrease in the oxidation current is less than 1 p V 2 4 h.

At the beginning of each test

N2 was purged into the cell. A steady-state condition is

obtained after 5-8 days of continuous exposure.
The results of the steady-state relationships are given in Table 3. It can be seen at
a glance that depending on the environment and its sequencing, the steady-state value of

the hydrogen oxidation current can vary quite significantly.

Taking information fiom Table 3 using the NACE solution, an average value of
steady-state hydrogen permeation cunent is 2.96 pA. In most tests the permeation of
hydrogen was measured fwst under a Ntenvironment, then the environment was changed
to H2S and then back to N2.In the case where H2S was purged into the cell, an average

value of steady-state hydrogen permeation current is 5.5 p4. The flux difference between
the H2S condition and Nz condition would indicate that in the case of NACE solution
corrosion in the H2S environment is higher than in the Nz testing, as expected. The
magnitude of the hydrogen oxidation current in the barnacle electrode is a direct
indication of the extent of corrosion occurring in the large cell. When purging Nz again,

after H2S exposure, the average value of steady-state hydrogen permeation cunent is now
1.63 @. The difference in the steady-state permeation currents between the fmt
exposure and the second exposure to N2 is likely due to the fonnation of a film on the

specimen during HIS exposun that was not completely removed fiom the solution when
switching back to the Nzenvironment. This film is a barrier to active corrosion and hence
generation of hydrogen. When purging H2 gas through the large cell an average value for
the steady-state current was then found to be 3.05 @, a vev close value to the one

obtained when purging N2.All the values discussed above are graphically presented in
the bar chart fiom Figure 22.
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Table 3 : Steady-state hydrogen penneation response from the barnacle electrode.

Fig.22: Barnacle electrode: steady-state permeation currents, average values.

The effect of extra hydrogen, H2, OD permeation curves will be presented in more
detail in Section 4.5.
As shown in Figure19 and Figure 20, when CANMET# 1 solution was employed,

the steady-state hydrogen permeation current is higher in the N icondition than in the H2S
condition. This flux difference would indicate that for CANMET# 1 solution, corrosion in
the N2 environment is higher that in the H2S environment. That is, for the CANMET# 1
solution the steel spcimen has a tendency for film formation when the specimen is
exposed to the H2S environment. The overall electrochemical response for the NI-H2S-N2
sequence of environments in the CANMET#l solution is graphically presented in Figure

23. AAer a steady-state condition occurred the N2 was switched off and H2S was
introduced into the system. The response time is almost instantaneous and the
electrochemical permeation current rises. After the film started to form on the specimen's
surface the current started to decrease; less hydrogen atoms can now permeate through
the material. AAer the condition in the system was changed again, from the H2S

environment back to the Nz environment, there is some delay time needed for the H2S to
be dissipated out fiom the solution. Under Nz influence the film formed on the steel's
surface starts to be removed, thus more hydrogen atoms are then generated and can now
permeate the material. This effect is illustrated by an increase in the permeation current.
Eventually, this current will reach a steady-state condition after the film on the specimen
is completely removed.
An average value for the steady-state permeation current when purging N2or H2S

using the CANMET #I solution and CANMET #3 solution cannot be accurately obtained
since the continuous formation and then dissolution of the surface's film occurs over a
long period of time.

Barnacle Electrode
Overall electrochemical response for the N , -H S-N sequence of environments
CANMET # 1 solution

time (min]

4.2. Vacuum Foil Hydropen Permeation Tests

Vacuum decay was explored under the same conditions as the electrochemical
permeation parameters.
A typical vacuum response, in CANMET solution, is depicted in Figure 24 for the

N2 environment and the changing to HIS environment. The response time is nearly
instantaneous. This is in keeping with what was found in the barnacle electrode tests. A
similar transient response, when going from N2to HIS,was found for the NACE solution
also, and it is graphically illustrated in Figure 25.
However, the response going the other way, from HZS to Nz, is delayed
significantly. This is also in keeping with what was found in the barnacle electrode tests,
the delay being due to the fact that there is some time necessary for the H2S to dissipate
out from the solution. A typical vacuum decay, when going From H2S to N2, in the NACE
solution, is depicted in Figure 26.
The fact that for the CANMET solution corrosion is higher in the N2
environment than that in the HISenvironment is confirmed by the hydrogen vacuum foil
experiments as well, Figure 27. The decay rate of vacuum pressure loss is a main
parameter in the interpretation of hydrogen flux. The parameter is a pressure change with
time or the slope of the vacuum pressure versus time curve and it is designated as dp/dt. It
can be seen from Figure 27, that immediately after switching to the H2S environment

from the N2environment the corrosion rate (hydrogen flux) is higher. As soon as the film
started to form on specimen's surface the hydrogen flux started to decrease. This behavior

is illustrated by the modification of the slope of the vacuum decay versus time curve in
Figure 27. AAer changing the environment back to N2again, as soon as the film from the
specimen's surface is removed and the H2S is dissipating out f?om the solution the
hydrogen flux started to increase. This is evident by comparing the slopes from the graph
depicted in Figure 27. This is in keeping with what was found in the barnacle electrode
tests.
The loss of vacuum or vacuum pressure differential was found to depend upon
environment and whether a poison for promoting hydrogen pick-up is present or not.

The effect of various poisons (such as arsenic and selenium) on the hydrogen
permeation will be presented in detail in Section 4.6.

Table 4 presents the vacuum decay rate, measured in -lipanlour, for various
environmental conditions. The average values for vacuum decay rate in the Nt, HIS,and
Ht environments, in NACE solution, are given in the bar chart, Figure 28.

Table 4: Beta Foil: Vacuum Decay Rates.
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Fig.24: Beta Foil: Transient response behavior going &om Nt

to H2S, CANMET sol.

Fig.25: Beta Foil: transient response behavior going fkom N2to H2S,NACE sol.
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Fig.27: Beta Foil: overall vacuum response for the N2-H2S-N2
sequence of cnvhments, CANMET sol.
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Fig.28: Beta Foil: vacuum decay rates, average values.

4.3. Film Formation

The alteration of the hydroyen f l u s and corrosion rate is very much dependent
upon film formation on the exposed surface of the specimens investigated.
As mentioned in the previous sections, for CANMET solution the vacuum decay

rate was found to change as time elapses. This is indicative of film formation on the
exposed surface of the specimen and in its ability in providing

a protective layer of some

degree. This behavior is graphically illustrated in Figure 29. It can be seen at a glance that

the vacuum decay rate, dp/dt, drops down with time for a HIS gas environment. See also
Figure 27. -4 similar response occurs for hydrogen oxidation current from the barnacle
electrode cell. as previously shown in Figure 2 3 The vacuum decay rate for the NI gas in
the CANhET solution shows a much reduced change in the decay rate. This indicates
that in the N2 environment a protective film is not forming at least to any significant
degree as compared to the H2S condition. This observation was also confirmed by the
hydrogen oxidation behavior determined with the barnacle electrode method.

On the other hand, when NACE solution was used the hydrogen flux was higher

in the HzS environment than the Nl environment. This is indicative that the NACE
solution does not promote film formation on the exposed surface of the specimens.

Fig.29: Vacuum decay rate vs. time for H2Sand CANMET solution [22,73,85,89-921.

4.4. Ca~illarvLennth Influence on Vacuum Decav Measurements

The influence of the capillary length on the vacuum decay was also investigated.
Most experiments were carried on using a 10 foot (3.10 meters) long tube. In order to
study the capillary length influence on the vacuum decay measurements a 4 foot (1.24
meters) long and a 60 foot (18.60 meters) long tube were c o ~ e c t e din parallel on the
same line that connects the vacuum chamber under the Beta Foil and the pressure
detector. Initially, the 60 foot long line was open and the vacuum decay recorded. Long
after the steady-state condition had established itself (3 days), the 60 foot line was closed

and the 4 foot long one was open. As in all the experiments performed the measurements
were done simultaneously with the barnacle electrode measurements. The latter clearly
indicates that after some time (5 days or longer) a steady-state condition establishes itself

..

in the NACE solution under Nt environment. As already mentioned in Section 4.1.1 a
steady-state condition was defined when the change in the electrochemical permeation
behavior was I pAi24 h or less. Because all the currents measured are extremely small
this assumption seems to hold. The steady-state condition is clearly indicated in Figure 30
by the hydrogen oxidation current behavior that exhibits no increase or decrease as time

elapses.
On the other hand, the overall vacuum decay rate behavior for this experiment is
totally different. Under the same conditions the vacuum decay rate looks to be higher

when the 4 feet long tubing was employed (1 kPa/h) than when the 60 foot one was used
(c0.50 kPalh).

This is clearly indicated by the differences in the slopes of the vacuum

decay vs. time, as illustrated in Figure 30. It is obvious that the amount of hydrogen
permeating through the steel specimen is not a function of capillary length, but a function
of the material and the environmental conditions.

A similar behavior was observed to occur aiso in H2S environment.

It is clear now that in order to obtain comparable and accurate measurements in
the laboratory or in the field using the Beta Foil technique, the equipment needs to be

calibrated.
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Fig.30:Effect of capillary length on vacuum readings.
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4.5. Effect of Sumlus Hvdroeen on Vacuum Decay

Hydrogen flux permeation usually originates from the hydrogen atoms that are
liberated at the cathode during the electrochemical process of corrosion. It is also possible
that the atomic hydrogen may exist due to a chemical reaction inside the pipe unrelated to
the corrosion processes [87].
Not all the hydrogen atoms generated by a corrosion reaction will migrate into the
pipe steel. Depending on the process and the corrosion environment a percentage of these
atoms can recombine in pairs on the pipe's inner surface to form molecular hydrogen gas,

Hz.This hydrogen gas goes ultimately into the product stream and it is lost in the process
flow as it is carried down the pipe.

The experiments described in this Section were carried on in order to see if the
presence of extra hydrogen gas inside the large cell has any effect on the hydrogen
permeation behavior. Tests were camed on for both NACE and CANMET #3 solutions.
M e r a steady-state condition had established itself, the N2 was switched off and
the HZ was turned on. Same procedure was applied for both solutions, NACE and

CANMET #3. The vacuum decay behavior in NACE solution is graphically illustrated in

Figure 3 1 and for the CANMET solution in Figure 32. As it can be seen from both graphs
there is no change in the vacuum decay behavior when switching from N2 gas to Hz gas.

This observation is confmed by calculating the vacuum decay rate, dp/dt, for both cases.
When NACE solution was used the vacuum decay rate under Nt environment was found
to be -0.50 kPa/h, while under Hzenvironment was found to be -0.51 kPa/h. Similarly,
when CANMET #3 solution was used, the vacuum decay rate under N2 environment was
-1 -28 kPdh, while under H2environment was -1.20 kPa/h. These experiments confirmed

also that corrosion activity is higher in CANMET solution under N2environment.
The fact that extra hydrogen gas, HZ,has no effect at all on hydrogen permeation
behavior through steel specimens has also been confirmed by barnacle electrode results.
When NACE solution was used, the hydrogen permeation current under N2environment
was found to be 2.96 pA, very close to the value of tlq hydrogen oxidation current

measured under H2environment, which was determined to be 3.05 CIA. Similar results
were obtained for both CANMET solutions as well. A very important observation made

was that the cunents measured are extremely small and the potentiostatic circuit is so
sensitive it sometime measures a decrease (0.1-0.2 pA) when the beaker and/or the
barnacle electrode are refilled with distilled water. This is done in order to maintain a
constant level of NaOH solution in both the barnacle electrode cell and the salt-bridge
system, to prevent loss of solution due to evaporation.

In conclusion, it can be said that the presence of extra gaseous hydrogen, Hz,in
the system, other than that involved in the local corrosion reaction beneath the foil, has
virtually no effect on the vacuum decay behavior.
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Fig.3 1:Beta Foil: Effect of extra hydrogen on vacuum decay, NACE solution.
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Fig.32: Beta Foil: effect of extra hydrogen on vacuum decay, CANMET #3 polution.
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4.6. Effect of Poisons on Vacuum Decay

It has been established that the rate of hydrogen entry in a metal is affected by the
nature of the electrolyte, presence of surface films, temperature, and/or presence of
impurities.
Generally speaking, if the environment in the system contains poisons, more of
the atomic hydrogen being generated at the cathode will be driven through the thickness

of the specimen. Those poisons, when present in the system, have a marked effect in
increasing hydrogen entry into metals and alloys. They block the hydrogen-hydrogen, H-

H, recombination reaction and thus favor entry of the adsorbed hydrogen into the metal
or alloy.
In the present research program the effect of poisons, such as HIS,As, and Se, on
the hydrogen permeation behavior was studied.
As already presented in Section 4.1. and Section 4.2. a fairly rapid increase in the

hydrogen permeation occurs when H2S is introduced into the system, that is going from

N2to H2S.In the NACE solution, as expected, a larger amount of hydrogen is permeating
through the steel specimen when H2S is present in the system, compared with the
situation when N2 is present in the system. On the contrary, in the experiments in which
CANMET # 1 solution was used the hydrogen permeation rate is higher under N2
environment than under H2Senvironment. This somewhat strange behavior is due to the
formation and presence of a protective film on the exposed surface of the specimen. It
can be said that H2S is an effective promoter of hydrogen entry into the steel in the

NACE solution. Its effectiveness as a promoter of hydrogen entry into the steel is very
much reduced when CANMET #1 solution is used. Under an H2S environment the
average vacuum decay rate in the NACE solution was found to be -7.08 kPa/h, while in
the CANMET $1 solution was found to be 4.89 kPa/h. Those findings are also
confirmed by the barnacle electrode results, the hydrogen oxidation current in the NACE
solution being 5.5 pA, while in the CANMET #1 solution is 1.6 pA, in HtSenvironment.

The effect of arsenic, As, on the vacuum decay behavior in the NACE solution
was studied using sodium arsenite, NaHAs0dH20. After a steady-state condition had

established itself in the system, a concentration of 6 pg/L of sodium arsenite was added
into the system. As it can be seen in Figure 33 the addition of 6 pg/L sodium anenite has

-.

no effect on the hydrogen permeation behavior. The hydrogen permeation behavior was
monitored further and after 180 hours the concentration of the poison was adjusted to 30
pg/l. Again, no effect was observed on the vacuum decay behavior, the vacuum decay

rate being measured as -0.19 kPa/h. Similarly, no effect occurred when sodium arsenite
concentration was raised to 60 pg/L. These findings were codirmed by the barnacle
electrode measurements, during those changes in the system the electrochemical
permeation current remaining constant, with no decrease or increase observed or
recorded. This means that up to a concentration of 60 pg/L in the system the sodium
arsenite has virtually no effect on the hydrogen permeation rate, thus on the hydrogen
entry into the steel specimen. Again, it must be underlined that this observation is valid
only for the NACE solution. When the sodium arsenite concentration was raised to 600
pg/L a totally unexpected response took place. In the barnacle electrode system a sudden

decrease in the electrochemical permeation current occurred, the response time being 5
minutes. The vacuum decay rate also decreased within 60 minutes up to a point where it
was virtually almost zero. Both the vacuum decay and the electrochemical permeation
behavior clearly indicate that the presence of a concentration of 600 pg/L sodium arsenite
in NACE solution into the system (or less, but higher than 60 pg/L) will lead to the
formation of a protective film on the exposed steel surfaces. This film acts as an effective

barrier to the hydrogen entry into the material as long as it is not chemically or
mechanically disturbed. At the end of this experiment the exposed steel specimen
surfaces were examined. It was observed that a relatively thick, uniform greenish film
was formed on the surfaces exposed to the solution in the large cell. Unfortunately,
neither the thickness nor the chemical composition of this film could be determined. The
effect of sodium arsenite added to the NACE solution on the hydrogen penneation
behavior is in total contradiction with what is known from the literature that arsenic is
one of the most effective promoters of hydrogen entry into the steel.
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Fig.33: Beta Foil: Effect of arsenic on the vacuum decay.

Presumably, a chemical reaction occurs between the sodium arsenite and the
NACE solution, the products of that reaction forming an extremely effective banier to the

corrosion of the steel specimen.
A third poison for which effects on the vacuum foil readings were analyzed is

selenium, Se, in the form of selenious acid, H2SeO3. Again, the analysis was conducted
using the NACE solution and the Nz environment. Mer a steady-state condition had
established itself a concentration of 600 pg/L selenious acid was added into the system. It
was observed that the response time was quick for both the barnacle electrode and the

hydrogen vacuum foil. For the barnacle electrode the response time was 5 minutes, while
for the hydrogen vacuum foil it was observed to be within 60 minutes. A sudden decrease
in the oxidation current occured, from 2.2 pA to 0.9 p& as well as a sudden decrease of
the vacuum decay rate, from -0.46 kPah to virtually almost 0 kPa/h. Again, this is
indicative of a very effective film formed on the steel surfaces exposed to the solution.
This film formed probably due to a chemical reaction between the selenious acid and the

NACE solution has a reddish appearance, it is relatively thick and uniform. Unfortunately
neither its thickness nor the chemical composition could be determined due to
inaccessibility of equipment. It is known that these surface films are effective barriers to
corrosion of the steel as long as they are not chemically or mechanically disturbed. The
film formed cannot be mechanically disturbed during the experiments because the large

cell is closed. In order to check film response, N2 was switched off and H2Swas then
introduced into the system. A sudden response took place in both the barnacle electrode
(10 minutes) and the hydrogen vacuum foil (less than 60 minutes). An increase in the

oxidation current was observed, as well as an increase of the vacuum decay rate, thus
indicating the degradation of the protective film previously formed and an enhanced
hydrogen entry rate into the steel specimen. This behavior is graphically presented in
Figure 34.
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Fig.34: Beta Foil: Effbct of selenium on the vacuum decay.
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4.7 Deacrated Conditions vs. Aerated Conditions
A very important aspect that needed to be clarified was to find out if the Beta Foil

technique is also suitable for monitoring hydrogen permeation under aerated conditions,
that is where oxygen is present. For this purpose7 after a steady-state condition had
established itself, air was introduced into the large cell. One experiment was conducted
using the CANMET #I solution with H2S being first introduced into the large cell
followed by air. A second test was conducted using the NACE solution with Nz being
first introduced into the system followed by air aAer the steady-state condition was
reached.
In both experiments it was observed that the rate of vacuum decay decreased to a
very low level immediately after the air was introduced into the system. The fact that the
measured hydrogen permeation rate under aerated condition is much lower than under
deaerated conditions was confirmed by the simultaneously performed barnacle electrode
measurements. As seen in Figure 35, for the CANMET # I solution, when changing from

H2S to air the hydrogen permeation current drops significantly to a very low level. This
would indicate a significantly lower corrosion rate in the presence of oxygen as compared
to a higher corrosion rate in the H2Senvironment. However, this is not the case as found

from direct corrosion rate measurements (88-89,90-921.It indicates that under aerated
conditions, where oxygen is present, the hydrogen reduction reaction is no longer the
dominate reaction and the measurement of mobile hydrogen through the material is no
longer reflective of the corrosion rate. The presence of oxygen changes the reduction
reaction such that only minimal hydrogen permeates through the steel specimen. In
aerated conditions the oxygen reduction would be the dominate reaction, not the
hydrogen reduction reaction. Similarly, for the NACE solution, Figure 36, when
switching &om N2 to air the electrochemical permeation current drops significantly,
indicating again that the measurement of hydrogen under aerated conditions is not a
sensitive or a good test for indication of corrosion rates.

Fig.35: Barnacle electrode:transient response behavior going from H2Sto air.

(CANMET #1 solution)

BARNACLE ELECTRODE
Transient response behavior going horn N to air
NACE solution

Na

air

time [mln.]

In conclusion, it can be said that the hydrogen permeation as a measure of
corrosion rate should not be used under aerated conditions. This confirms reduction
reaction conditions as would be predicted from corrosion theory, where only under
deaerated conditions is the hydrogen reduction reaction dominant.
4.8. Effect of Inert Gases on Vacuum Decav

The main characteristic of inert gases is that they have an especially small
tendency to form stable compounds. Because of their inertness, such elements should
have no influence on the hydrogen permeation through the steel, hence on the Beta Foil
measurements. In order to study the effect of inert gases on the hydrogen vacuum decay a
sequence of N:-Hr-Ar environments was employed in the large cell that was filled aith
the NACE solution. Hydrogen. H2,shares some similarities with inen gases and nitrogen.
N2, it is often used as an inert gas due to its unreactive nature with many materials. Both
hydrogen and nitrogen are inert with respect to the corrosion reactions taking place on the
exposed steel surface in the aggressive environment.
For this test the vacuum decay was explored first under N2 environment and once

a steady-state condition had established itself then a change in gas was made, from N2 to

H:. After a steady-state condition occurred under the H:, the environment was changed
again, from H: to Ar. As seen in Fig. 37 there was no change in the hydrogen vacuum
decay behavior, dp/dt, under these three different environments. However, as indicated in
Figure 38, due to variability in the corrosion reaction the hydrogen flu is not constant.
This variation is extremely small (~O.09kPafor H?gas)it can ne neglected. Calculation of
vacuum decay rate indicates an average value of -0.98 kPa/h under N2environment, 0.94 kPa/h under Hzenvironment, and -0.91 kPa/h under Ar environment, respectively.

The fact that those three values are almost identical is a clear indication that, as expected,
inert gases have virtually no influence on the vacuum decay measurements. Ths
observation was again confirmed by simultaneous permeation measurements by the
barnacle electrode method. For this particular test the steady-state oxidation current under

Fig.37: Effect of inert gases on vacuum decay, NACE solution.

Ni environment was measured 1.9

~ under H2environment 2.2 CIA, and under Ar

environment 1.7 jA. It must be mentioned that extremely small c m n t s are measured
and every time a change in the system is made it is immediately reflected in the readings.

This is an indication of how sensitive the barnacle electrode method is. However, after a
few hours the current again reached approximately its previous value.
In conclusion, it can be said that the presence of inert gases has no influence on

the hydrogen vacuum permeation behavior, hence on the Beta Foil measurements.
4.9. Efl'ect of Barometric Pressure on Hvdronen Permeation

The barometric pressure was monitored every hour during various barnacle
electrode tests as well as hydrogen vacuum foil tests until a fairly substantial amount of
information was available for comparison. Correlations could not be found for either the
barnacle electrode measurements or the hydrogen vacuum foil measurements as a
function of barometric pressure change. Therefore, this parameter is not one that needs to
be monitored or corrected for.
4.10. Hvdronen Ouantitv Measurements

The general gas law states that the absolute pressure of an ideal gas is directly

proportional to the temperature and the number of moles of the gas and it is inversely
proportional to the volume of the gas [93]. The atomic hydrogen flux generated as a
result of corrosion on the inside of the steel specimen is captured under the Baa Foil.
Under vacuum these hydrogen atoms recombine in pairs to form molecular hydrogen, Hz.
Molecular hydrogen is unable to escape from the vacuum induced between the
specimen's outside and the foil's inside, thus the vacuum will decay in a ratio proportional
to the hydrogen permeation flux (related to the severity of the intemal corrosion).
Combining the principle of the Beta Foil and the general gas law one may calculate the
hydrogen quantity that is permeating through the steel specimen.

In order to achieve this goal the volume under the foil, the volume of the capillary
tube, and the volume of the tree, transducer, and the pressure gage must be known.
As it can be seen from Figure 39 the volume under the Beta Foil is extremely

small (practically it can be considered negligible) up to a vacuum of -19.4 kPa (average
value) versus the atmospheric pressure. This is in keeping with the recommendations
from the manufacturer [84] which suggests that the foil should be evacuated and the
vacuum re-induced any time it approaches -20 Wa.
BETA FOIL
changes of movcmcnt undcr foil obscrvcd @ . ..-kPa.
area where measurements were made is indicated by arrow.

Foil no. I (previously tested): IS; 15; 16; 16; 16.
Foil no.2: (not tested)
:21; 20; 20; 20; 20.
Foil no.3: (not tested)
: I f ; 21; 22; 20; 24. Tot31 avcnlrcr: 19.4 kPa.
Foil 110.4:(not tested)
: 26; 28; 25; 25; 26.
Foil no.5: (previously tested): IS; IS; 14; 13; 1 4 .

Fig.39: Determination of the movement under the Beta Foil.

A series of inducing-releasing vacuum under the foil using the vacuum pump was

done in order to obtain the vacuum values at which the volume under the foil starts to
change &om negligible. When the vacuum is induced under the foil, at the beginning of
each tea, the volume of the vacuum chamber is considered negligible. A vacuum of -82

kPa was induced and then air was admitted into the syaem. The first change in the foil's
volume was detected using a stationary dial gage and the corresponding vacuum was
recorded. Five different meas~rementswere made for five different foils and the average
value of the 25 measurements was taken into consideration. The difference between the
vacuum values obtained for "not tested" and "previously tested" foils is due to the larger
stresses present in the "not tested" foils. "Not tested" foils are the foils as-received and
affixed on the steel specimen, while the "previously tested" ones are the foils that were

used in experiments and the vacuum was re-induced several times beneath them.
The capillary tube diameter was 1.70 mm, and the length of the tube used for this
test were 4 foot (1 -24 m), 10 foot (3.10 m), and 60 foot (18.60 m) respectively. The
corresponding volume of the tube for those three cases was 2.77 cm3, 6.92 cm3,and 226.1
cm3 respectively. The manufacturer's drawings of the tree, transducer, and pressure gage
were used in order to calculate their respective volumes. Also, a more precise method
was employed as well. Vacuum was first induced by a high-displacement electrical

vacuum pump, then air was allowed to enter into the system from a marked syringe with
a known volume. After the equilibrium was reached the total volume of the three
components (tree, transducer, pressure gage) was read directly on the syringe. It was
found to be 5.58 cm3. In conclusion, the total volume of the system (tube, tree,
transducer, pressure gage) for the 4 foot long tube is 8.35 cm3, for the 10 foot long one
12.50 cm3, and for the 60 foot long one 23 1-68 cm3.

The general gas law was used to calculate the amount of hydrogen that is
permeating through the steel specimen. The temperature during the measurements was
constam, being 21°c (29430. For vacuum values between -86 kPa and -20 kPa the
volume under the Beta Foil was considered negligible, as demonstrated. In all
calculatioas the real pressure (the difference between the atmospheric pressure and the
pressure beneath the foil) was used. A detailed algorithm of these calculations is given

below. The amount of hydrogen permeating the steel specimen was calculated according
to the following equation:

where:
p- real pressure beneath the Beta Foil.

V-total volume of the system (tube, tree, transducer, pressure gage).
T-absolute temperature.
Rm- hydrogen gas constant.
For hydrogen [94]:

Using the following conversion factors [95-991:
1 Ibf = 1.356 Nm.
1 lb,=453.59 g.
1 A = 0.304m.
OR =

1.8 OK.

equation [32] can now be written in the following form:

At

a temperature of 2 1

"

(294K) the amount of hydrogen permeating through the

steel can be calculated now using the following fonnula:

The total area of the Beta Foil is 232.25 cmZ. Therefore, one may calculate the
amount of hydrogen that is permeating through the steel specimen per unit area. The total
amount of hydrogen permeating through the steel specimen versus the vacuum decay is
presented in Table 5 and graphically illustrated in Figure 40 (for 4 foot tube), Figure 41
(for 10 foot tube), and Figure 42 (for 60 foot tube) respectively.

Vacuum [-kPa]

4 foot tube

10 foot tube

60 foot tube
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-

-

-

I

80

0.0176x10-~

0.0264~1
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0.48~10"

70

0.047~10'~

0.0704~1
o-=

0 . 9 3 ~o-'
1

60

0.076~1
0.=

0.1144x10"

2 . 1 2 ~o1 -

50

0.105~10'~ .-

0.1584~10'~

2.93~10"

40

0.135x10"

0.2025~1
us

30

0.1W Xo~-

2G

0.194x1

3 . 7 5 ~us
1
4.56~10"
5 . 3 8 ~a5
1

I

~

0.2465~10.~

0.2905~10"

~
I

Table 5: Amount of hydrogen permeating the steel specimen per unit area.

Fig.40: Total hydrogen mass per unit area of foil (4 foot tube).

CHAPTER 5

DISCUSSION
Hydrogen vacuum foil, Beta Foil, proved to be a powehl device for determining
whether corrosion exists, the relative magnitude, the changes that occur in the system,
and for determining the quantitative amount of hydrogen that is permeating the steel
when exposed to a corrosive environment. A comparison between the Beta Foil technique
and a conventional electrochemical permeation technique (barnacle electrode) for
measuring hydrogen permeation through metals has been made by laboratory
experiments on pipeline steel specimens (AISI 1018 steel, in hot rolled condition).
Comparison of the results obtained &om the two different techniques showed that both
give the same transient response, thus a comparison between results obtained is possible.
There is a directly comparable response of hydrogen flux measurement between the two
techniques. Each technique applies a specific but different gradient in inducing the

hydrogen to exit the steel specimen.
Except for this work and some preliminary results presented at various
conferences and posted on the Internet [22,85.89-921, also obtained at The University of

Calgary, only one another paper on the Beta Foil , by Yepez et. al. [I001 has been made
available. However, many conclusions drawn by its authors are in contradiction with
what has been found from the present work and it is therefore concluded that Yepez at. al.
findings are false. It was considered that the length of capillary tube and the thickness of
the steel specimen have no significant influence on the response time of the Beta Foil.
This is obviously not true and the contrary was demonstrated in the present work. Also,
Yepez et. al. observed pressure fluctuations mainly at the end of their experiments. They
related these fluctuations to changes in the ambient temperature. In all experiments
performed for this present work there were no indications of pressure fluctuations either
at the beginning or at the end of the tests. Those fluctuations reported by Yepez et. al. are
caused by the fact that the authors induced only a -2 kPa vacuum versus near atmospheric
vacuum under the foil. This is in total contradiction with what the manufacturer suggests,

that the vacuum should be re-induced every time it approaches -20 kPa, also
demonstrated in this work. Despite the fact that Yepez et. d.found similarities between
the vacuum decay vs. time and the hydrogen oxidation current vs. time curves they
found a time delay of about 60 hrs. in the data obtained from the vacuum foil compared
to those obtained from the electrochemical permeation technique. This large delay is
caused by the fact that for a vacuum "less" than -20 kPa the Beta Foil is fairly insensitive
to any changes in the hydrogen flux. This is because the volume under the foil is no
longer negligible and the foil is no longer rigid and tight on the steel specimen to be
monitored. When switching the environment to a very aggressive (corrosive) one, the
results obtained in the present work showed the response time for the two techniques is
reasonable comparable and in the order of 13-26 minutes. Finally, Yepez et. al.
concluded that it is easy to detect a change in the hydrogen permeation flux using the
electrochemical permeation technique, which is not so clear with the vacuum foil. This
again is a false conclusion since both methods clearly indicate any changes that occur in
the corroding system, both systems being extremely comparable. Again, this false
conclusion is drawn due to the fact that only a small vacuum was induced.
Despite being a masterpiece of simplicity as a hydrogen permeation monitoring
technique the interpretation of the results obtained using the Beta Foil is extremely
complex. There are many factors that have a strong influence on the measurements and
all should be taken into consideration. This work was intended to relate the hydrogen

vacuum foil measurements and the electrochemical permeation measurements. It
establishes a base upon which to build further in understanding of this measurement and
monitoring approach. The environmental conditions employed for this work were N2,
H2S, air, Hz,and Ar gases and as charging solutions NACE, CANMET #1, and

CANMET #3 solutions were used. The effect of various poisons on the hydrogen
permeation, such as H2S,As and Se7were also analyzed. A special and complex testing
cell was made in order to cany on simultaneous hydrogen permeation measurements
using the electrochemical technique (barnacle electrode) and the Beta Foil.

Direct correlations between the vacuum decay and the corrosion rate are dificult
to be made. A number of corrosion parameters greatly affect the diffisible hydrogen, as
was initially suspected. Those conclusions are not a direct result of this present work but

fiom some corrosion experiments performed in parallel with the hydrogen permeation
ones [85,89-911. The effect of film formation on the steel specimen has a major effect, as
does the presence of a poison, such as hydrogen sulfide, H2S.In addition, the presence of
oxygen changes the reduction reaction such that only minimal hydrogen permeates
through the material. Thus, direct correlations between the vacuum decay and the
corrosion rate can only be made providing the overall mechanism remain constant, which
is not necessarily always occuring. However, changes in the corrosion rate are easily
identified using the Beta Foil technique even when the corrosion mechanism changes.

Thus, the hydrogen vacuum foil technique is very sensitive for comparative changes, but
needs specific testing and correlation for establishing quantitative values of corrosion
rates. This in turn is only directly applicable for conditions where the corrosion
mechanism remains unchanged. This means for absolute corrosion correlations a data
base will be needed to be built-up as different material/environment combinations result

in different corrosion rates and hydrogen permeation amounts that are not necessarily
directly comparable.
One lesson learned from the experiments is that the vacuum foil technique should

not be used where oxygen is present in the corroding system. Under aerated
environments, where oxygen is present, the hydrogen reduction reaction is no longer the
dominant reaction and the measurement of hydrogen permeating through the steel
specimen is no longer reflective of the corrosion rate. In aerated conditions the oxygen
reduction reaction would be the dominant reaction, not the hydrogen reduction reaction.
It is clear that the measurement of hydrogen under aerated conditions is not a sensitive or

a good test for indication of corrosion rates or system changes.
It has been clearly shown that a qualitative agreement exists between the
transients obtained f?om the Beta Foil and the barnacle electrode. That is, every time an
upset condition occurred in the system, change in the hydrogen evolution was detected in

a reasonable amount of time by both techniques. An increase in the hydrogen oxidation

current occurred in the barnacle electrode and an increase in the loss of vacuum (or
vacuum pressure differential) occurred in the Beta Foil. The response time for both
techniques is dependent upon the environment. When switching from N2gas to H2Sgas
the response time for the barnacle electrode was found to be 13 minutes (average value),
while for the Beta Foil was 23 minutes (average value). This finding is in contradiction to
the manufacturer of the Beta Foil, which suggested that the response time is very fast,
taking place in seconds. It is obvious that there is a time needed for the hydrogen to
permeate through the steel specimen and then to be detected by the pressure transducer.
This time, also called breakthrough time, is clearly specimen thickness dependent. It is
widely known that the thicker the specimen the greater the breakthrough time. The
increasing values of the breakthrough time with increasing the specimen thickness is long

known from the literature [10,15,63-661and this phenomenon has been demonstrated
using electrochemical permeation techniques. It is likely that the Beta Foil response time
is also specimen thickness dependent. Future investigations will clarify the effect of the
specimen thickness on the Beta Foil response time. Another intriguing question is
whether this dependence is linear or non-linear. Apparently, considering the same
corroding conditions and that no changes occur in the system, that dependence should be
fairly linear. However, only fiiture investigations will clearly find an answer to this
aspect. This conclusion doesn't mean at all that the Beta Foil technique is less usehl than
the barnacle electrode. Both techniques are capable of detecting changes in the system in
a reasonable amount of time. It must be noted, however, that a true steady-state hydrogen

flux is never attained. The hydrogen flux through the steel specimen is not constant, it
varies due to the variability in the corrosion reaction and due to the variability in the
material. This is indicated by the continuous drop in the hydrogen oxidation current even

after long periods of time (>10 days). However, a steady-state condition had been defined
when the drop in the oxidation current is equal or less than 1 pA/24 h. The measured
currents are extremely small and the barnacle electrode is very sensitive to external
factors. For example, every time distilled water was added to the Luggin probe salt bridge

system a drop in the current occurred. On the other hand, as shown in Figure 3 1 @ag.74),
and Figure 32 (pag.75), a fairly steady-state condition is detected using the Beta Foil

monitoring technique. After reasonable time since the last change in the system (usually

in the order of 3-5 days, depending on the environment) the slope of the vacuum decay
versus time curve is relatively constant. Extremely small variations occur sometime
because, as mentioned earlier, the variability in the corrosion reaction and in the material.
However, these small changes can be neglected when considering a steady-state
condition. For example, the vacuum decay rate under N2 environment in the NACE
solution, for the graph illustrated in Figure 3 1, is 0.48kPah aAer 9 hours fiom the
beginning of the test, 0.53 kPah after 22 hours, 0.52 kPa/h after 48 hours, 0.48 kPah
after 72 hours, and 0.49 kPa/h after 96 hours. This gives an average vacuum decay rate of
0.50 kPa/h, as indicated in Table 4 (pag.62) for test $1 0. The vacuum decay rate under N2

environment in the CANMET #3 solution is 1.28 kPa/h after 72 hours fiom beginning of
the test, 1.25 kPa/h after 96 hours, and 1.31 kPah after 120 hours. This would give an
average vacuum decay rate of 1.28 kPa/h, as indicated in Table 4 for test # 13. The
vacuum decay rate under H2Senvironment in the NACE solution is 7.69 kPa/h after 72
hours from the last change in the environment, 8.04 kPah after 156 hours, and 7.32 kPah
after 180 hours. This would give an average vacuum decay rate of 7.68 kPa/h, as
indicated in Table 4 for ten #7. Those small variations in the vacuum decay rate shows
that a aeady-state condition is achieved in the Beta Foil system. When switching back,
fiom H2Sto N2the response time is much slower and difficult to be determined for both
techniques. This is because there is some time needed for the H2Sto be dissipated out
from the solution. However, both techniques will clearly indicate after longer times that a
modification in the system occurred.
It must be noted that the datalogger was programmed by the manufacturer to take
and store vacuum readings every hour. If this would have been programmed to take

readings every minute, more accurate response times for the Beta Foil could have been
determined. The response times indicated in Table 2 (page 53) were determined by visual
readings of the pressure gage every 5 minutes. Those are not as accurate as pressure
transducer (datalogger) values.
The presence of inert gases, such as Ar, N2, and H2,have virtually no effect on the
hydrogen permeation as detected using the Beta Foil and the barnacle electrode.

No changes in the vacuum loss, or the oxidation current, were detected by the two
monitoring techniques when the various gas combinations were introduced into the
system. The presence of inert gases, such as Ar and Nt, was expected to have no effect on
the hydrogen permeation. Uncenainties existed regarding the presence of extra hydrogen
gas into the system. It is possible that atomic hydrogen may exist due to a chemical
reaction inside the pipe unrelated to the corrosion process. It was desirable to find out if
this so-called extra hydrogen has an effect on the Beta Foil measurements. Experiments
clearly demonstrated that the presence of extra gaseous hydrogen in the system, other
than that involved in the local corrosion reaction, has no effect on the vacuum decay
behavior. This means that the Beta Foil technique measures actual corrosion that is
occumng and the measurements are not at all affected by the presence of extra hydrogen
gas from other sources.
The Beta Foil measurements are directly affected by the film formation on the
exposed side of the steel specimens. When using the NACE solution measurements
indicated a higher hydrogen flux in the H2S environment than in the N2 environment, as
expected. On the contrary, when CANMET #I solution was used, hydrogen flux was
found to be higher in the N2 environment than in the H2Senvironment. This observation
was confirmed by the barnacle electrode measurements as well and that is a clear

indication that the steel in the CANMET #1 solution has a tendency for film formation,
which in turn reduces the hydrogen flux through the specimen. These films are effective
barriers to comosion of the steel, thus reducing hydrogen generation and permeation.
The presence of poisons in the system has a marked effect on the hydrogen entry
into the steel specimen. A fairly rapid increase in the hydrogen permeation occurs when

H2S is introduced into the system, that is going from Nt to H2S in the NACE solution, as
expected. In the CANMET solution, under H2S environment, a film had formed on the
exposed steel specimen, thus leading to a lower hydrogen permeation as compared to the
N2 environment for the same solution. Similar behavior was observed to occur also when

As (as sodium arsenite) and Se (as selenious acid) were introduced into the testing cell.
For a poison concentration of 600 p@ a very rapid response occurred (5 minutes for the
barnacle electrode and less than 60 minutes for the Beta Foil). Contrary to what was

expected, the presence of As and Se into the system, in NACE solution, led to a drastical
reduction of hydrogen permeation. This is likely due to the formation of a film on the
exposed steel specimens. Why these films reduce the hydrogen flux through the steel
specimen was explained earlier. Once these films are removed (mechanically or
chemically) a sudden increase in the hydrogen permeation takes place. The films formed
on the steel surface in the NACE solution when As and Se are present are fairly uniform
and thick. These findings, confirmed by simultaneous barnacle electrode measurements

are in total contradiction with what is known fiom the available literature that As and Se
are effective promoters of hydrogen entry into the steel. In the NACE solution they
proved to be very effective inhibitors.
It was found that the barometric pressure is not a parameter that should be
monitored or corrected for. It was experimentally demonstrated that the foil is rigid and
tight to the steel specimen to be monitored and that there is practically no volume under
the foil up to a vacuum of -20 kPa. The steel structure to be monitored (pipeline, pressure
vessel) is also rigid, as well as the capillary tube. Practically, variations of barometric
pressure have no influence on the hydrogen vacuum foil measurements.
One other parameter that needs to be accounted for is the temperature. The
temperature is expected to have a marked effect on the hydrogen measurements. Despite
the fact that, theoretically, the total amount of hydrogen permeating through the steel
specimen could be calculated at virtually any temperature (by knowing the volume of the
whole system and by using the general gas law) the corrosion rate (hydrogen generation)
and the hydrogen permeation are very much influenced by the temperature. Future
investigations will also clarify this important aspect.
As mentioned earlier, the specimen thickness appears to have an influence on the
Beta Foil response time. This is an important parameter that needs to be investigated as

well. The effect of the temperature and specimen thickness on the hydrogen permeation
was not analyzed in the present work.

In order to obtain accurate measurements the vacuum under the Beta Foil should
be maintained "above" -20 kPa. For "lower" vacuum the Beta Foil is fairly insensitive to
the changes that occur in the system. The volume under the foil is now detectable and this

would clearly lead to inaccuracies in the measurements. Also, the general gas law cannot
readily be applied anymore since the volume of the system is no longer constant.
It was found that the length of the capillary tube has a significant influence on the
Beta Foil measurements. Different lengths employed lead to different slopes of the
vacuum decay vs. time, both in N2and H2Senvironments. However, it is obvious that the
amount of hydrogen permeating through the steel specimen is a function of the material
and the environmental conditions and not a fbnction of the capillary tube length. For
obtaining comparable and accurate measurements using the Beta Foil technique is it
necessary for the equipment to be calibrated with respect to the total volume being
present. This is necessary if quantitative values of hydrogen amount are required to be
calculated. The sensitivity of the Beta Foil measurements is strongly affected by the
capillary tube length. The shorter the tube, the more precise the measurements. The ideal
case would be that in which the pressure transducer is affixed directly onto the foil
without any capillary tube involved.

By knowing the volume of the system (tree, transducer, capillary tube) and by
using the general gas law the total amount of hydrogen that is permeating through the
steel specimen can be easily and accurately obtained. It was demonstrated that the
volume under the foil is negligible up to a vacuum of -20 kPa. However, for obtaining
comparable results the equipment needs to be calibrated.

The hydrogen vacuum foil technique can be also used in sweet service (i.e., no

H2Spresent). Contrary to the general belief, a measurable hydrogen flux is generated in
sweet service.
Comparing to the electrochemical permeation techniques, the hydrogen vacuum
foil technique exhibits two major advantages: it is extremely easy to be applied and to be
operated both in the filed and in the laboratory, and the vacuum decay can be directly
correlated with the amount of hydrogen that is permeating through the steel specimen.
Another advantage is that the vacuum foil technique monitors a larger area of the
structure than the barnacle electrode, thus is more representative for monitoring changes
that occur in the cortoding system A correlation is not seen to occur at this present time
between the vacuum decay rate and the electrochemical hydrogen oxidation current. This

is mainly due to the fact the hydrogen oxidation current measured with the barnacle
electrode method is not constant over long period of time. On the other hand, as
mentioned earlier, after reasonable time after a change in the system the vacuum decay
rate attains a steady-state condition. The vacuum decay was found to depend upon
environment, corrosion mechanism, and the presence of poisons, as expected.
Measurements indicate a somewhat slower response time for the Beta Foil as compared
to the barnacle electrode, although both are reasonably comparable.

The Beta Foil technique is an excellent qualitative tool in determining changes
that occur in a corroding system. This work proved that it can be also used as a
quantitative device to determine the amount of hydrogen resulting from the corrosion
reactions.
A major drawback of the Beta Foil technique is the limitation of its use in aerated

conditions. Also, the foil is very sensitive to the quality of the periphereal sealing. Even
small leaks, hard to be detected when the foil is applied in the field, can modify
significantly the shape of the vacuum decay versus time curve, thus leading to erroneous
interpretation of the corrosion severity. The presence of even small leaks will clearly lead
also to errors in the calculation of the total amount of hydrogen that permeates the

specimen. The response times could not be determined very accurately since the
datalogger is limited to take readings only every hour, and not at smaller intervals of
times. Another area where improvement is needed is in making the datalogger software
(LS-4 Datalogger version 4.3X) and the graphing software (Betaworks 32) more user

friendly. The data recovered from the datalogger can be plotted utilizing a 0-100 kPa on
the vertical axis and the time on the horizontal axis of the graph. This way the trending
shows a slope. The line will be perfectly horizontal when corrosion is zero (no hydrogen
flux exists). However, in some systems a certain amount of hydrogen flux can represent a

perfectly acceptable corrosion rate.

This work examined the effect of various parameters on the operation of the
hydrogen vacuum foil technique. Based upon these results, the hydrogen vacuum foil
technique of monitoring corrosion conditions is extremely sensitive. It has relatively shon
response times to changing corrosion conditions. An important work has been laid down

laid down with respect to sorting and correlating the interaction of operating and system
parameters for this technique.
Hydrogen Vacuum Foil technique proved to be a powefil device for determining
whether corrosion exists and the relative magnitude. The concept of using this technique
is applied generally both in the field and in the laboratory except in deaerated conditions,

as previously discussed. The data itself generated in this work cannot be used directly.
Fbt, because real life situations cannot be exactly reproduced by any means in the

laboratory. Any other materialsnvuonment combinations will clearly led to different
values of the vacuum decay than the ones presented in this work that are not necessarily

comparable. Also, as it is generally known, mass transport and fluid velocity affects the
corrosion rate, hence the hydrogen flux. In real situations the fluid velocity is obviously
different than the one provided by the circulating pump in the testing cell in the present
research program (1 5.89L/min). Corrosion rates (hydrogen fluxes) will be different even
the same material and same environmental conditions are employed. However, a general
correlation between the vacuum decay, kPa/h, and the corrosion rate in mills per year,

mpy, is given in the Table 6. It is imponant to note chat this chart is a general guideline
only. System experience will ultimately provide the greatest interpretation accuracy.

Vacuum loss [kP8/h]

Relatlve cornsion

Apmximote mpy

0.0013-0.013

very slight

0 to 5

0.013-0.27

moderate

5 to 30

0.27-1.38

high

30 to 100

I

J

I

I

1

1

'fable 6: General correlation between the vacuum decay rate and the corrosion rate

CHAPTER 6
CONCLUSIONS AND FUTURE INVESTIGATIONS
6.1. Conclusions

Based on the results obtained and presented in this work, the hydrogen vacuum
foil technique for monitoring corrosion conditions is one of the most sensitive technique
available today. It has relatively shon response times to changing corrosion conditions
and it is sensitive in detecting even small changes in the corroding system. The vacuum
decay is a responsive parameter that directly relates the hydrogen flux, which in turn is in
a complex manner related to the changes in the corroding system. Ground work has been
laid down with respect to soning and correlating the interaction of operating and system
parameters for this technique.
Several important conclusions can be drawn based on the experiments and results
obtained from this present work:

-

Beta Foil technique is very sensitive to any changes that occur in a corroding system.

-

Beta Foil technique doesn't measure the corrosion rates, but relative changes in the
corrosion rates.

-

Except for periodic re-inducing vacuum, Beta Foil is maintenance free and extremely
simple to operate.

-

Beta Foil technique offers an excellent qualitative evolution of corrosion activity and
hydrogen flux permeation.

-

Beta Foil technique also offers a quantitative evaluation of the total amount of
hydrogen permeating through the material investigated.

-

Vacuum decay rate is a parameter that directly relates to the hydrogen flux.
There are comparable responses of hydrogen £lux measured by the Beta Foil and the
barnacle electrode. Despite this, at this point there is no correlation between the
vacuum decay rate and the hydrogen oxidation current.

-

-

Because the corrosion mechanism is not constant a correlation between the vacuum
decay and the actual corrosion rate is very difficult to be obtained.
The Beta Foil measurements are directly affected by the fiim formation on the
exposed steel specimens and by the presence of poisons.

-

Inert gases appear to have virtually no influence on the Beta Foil measurements.

-

The hydrogen pick-up rate and permeation are a hnction of the solution inside the

testing cell and the material to be investigated.

-

The hydrogen flux detected by the Beta Foil is not constant, it varies due to the
variability in the corrosion reaction and due to the variability in the specimen.

-

The hydrogen vacuum technique should not be used where oxygen is present in the
corroding system.

-

In order to obtain accurate measurements the vacuum under the Beta Foil should be
maintained "above" -20 kPa.

-

The Beta Foil measurements are not affected by variations in the barometric pressure.

-

When determining the total amount of hydrogen that is permeating through the
material a factor that needs to be controlled or compensated for is the tube capillary

-

length and/or instrumentation volume.
The Beta Foil technique is very sensitive for comparative changes but needs specific
testing, correlation, and calibration for establishing of absolute corrosion rates.
For absolute corrosion correlation a database is needed to be constructed as different
rnaterial/environment combinations result in different corrosion rates and hydrogen
permeation amounts that are not necessary directly comparable.
Without being directly related to the investigation on the Beta Foil technique two

other major conclusions are drawn from this present work:

-

A polyurethane base coating with recycled rubber additions proved to exhibit

excellent resistance to the aggressive action of the very corrosive environments that
were employed, compared to a Teflon coating.

-

Contrary to the general belief, As (as sodium arsenite) and Se (as selenious acid)
proved to be excellent inhibitors to the hydrogen entry into the steel in the NACE
solution.
6.2. Future Invest i~ra
tions

Efforts were made in order to find out and son out the effect of many initial
parameters that have or might have an influence on the hydrogen vacuum foil technique.
However, there are still some that were not investigated or sorted out. The extent of the
exploratory nature of this study suggests the following additional work:
- Analysis of the temperature effects on the Beta Foil measurements.

-

Analysis of the specimen thickness influence on the response time.
Calibration of the equipment, namely the capillary tube length.
To find a correlation between the vacuum decay rate and the hydrogen oxidation

current.

-

To find a correlation between the corrosion rate and the vacuum decay.

-

To carry on experiments in order to tind out if the Beta Foil technique is suitable also

for stainless steel, aluminum, and aluminum-base alloys.

-

To build-up a database with corrosion rates and hydrogen permeation amounts for
different materiaI/environment combinations. However, those tasks would require
several years of continuing testing.
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