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Kurzfassung 

Niedriglegierte warmfeste Mn-Mo-Ni und Cr-Mo-V Stähle bilden einen wesentlichen Beitrag 
gegenwärtig eingesetzter Werkstoffe für druck- und temperaturführende Komponenten im 
Kraftwerksbau. Dies sind beispielsweise Kesselkomponenten wie Membranwände und 
Druckbehälter. Dabei kommen die Hauptmerkmale dieser Werkstoffgruppe (sehr gute 
mechanische Hochtemperatureigenschaften, Verarbeitbarkeit und niedrige 
Legierungskosten) zum Tragen. Die weitere Erhöhung des thermischen Wirkungsgrades ist 
dabei das wichtigste Ziel, der Werkstoffauswahl für die nähere Zukunft, unabhängig vom 
Kraftwerkskonzept. Dies trifft jedoch im Besonderen bei fossil-befeuerten Kraftwerken im 
Rahmen der notwendigen Reduzierung der CO2 Emissionen zu. Die schweißtechnische 
Komponentenfertigung ist dabei das maßgebliche Fertigungsverfahren. Das Einbringen der 
Schweißwärme bedingt dabei metallurgische und Gefügeveränderungen in der 
wärmebeeinflussten Zone des Grundwerkstoffes (WEZ) als auch im niedergeschmolzenen 
Schweißgut. Die Schweißverbindung kann dabei zusätzlich während oder nach dem 
Schweißen Wasserstoff aufnehmen.  Wasserstoff hat dabei eine degradierende Wirkung 
auf die mechanischen Eigenschaften, die sich im Worst-Case als wasserstoffunterstützte 
Kaltrisse zeigen, dies vor allem auch zeitverzögert (delayed cracking) durch die 
temperaturabhängige Wasserstoffdiffusion. Dabei zeigt jede Schweißmikrostruktur 
spezifische Wasserstoffdiffusions- und Lösungscharakteristika. Die Degradation ist daher 
als eine Kombination sich gegenseitig beeinflussender Faktoren aus lokaler Wasserstoff-
konzentration, Mikrogefüge und mechanischer Beanspruchung zu sehen. Wie aktuelle 
Schadensfälle in der jüngeren Vergangenheit belegten (Rissbildung bei Schweißnähten an 
T24 Rohr-Rohr-Verbindungen), ist Wasserstoff dabei eine potentiell zu berücksichtigende 
Schadensursache. Zur weiterführenden Früherkennung möglicher Schäden, ist es daher 
notwendig, den gefügespezifischen Wasserstoffeffekt in Schweißnähten an niedriglegierten 
Stählen festzustellen und zu bewerten. 
 
Die Interdependenz der mechanischen Beanspruchung und des Verbleibens einer 
potentiell degradierenden Wasserstoffkonzentration muss dabei für jedes Gefüge separiert 
werden. Daher  wurden für die Charakterisierung der mechanischen Eigenschaften 
gefügespezifische Untersuchungen an wasserstoffbeladenen Zugproben aus Grund-
werkstoffen und thermisch simulierten WEZ Gefügen untersucht. Das Diffusionsverhalten 
wurde mit der elektrochemischen Permeationsmethode bei Raumtemperatur und über die 
Interpretation des Wasserstoffeffusionsverhaltens mittels Trägergasheißextraktion bei 
erhöhten Temperaturen bis 400°C untersucht. Zur realistischen Abbildung des 
Diffusionsverhaltens, wurde dabei eine optimierte Prozedur aus Probenaufheizung und 
Wasserstoffeffusion entwickelt. Diese wurde zusätzlich auf ein Wasserstoffmessgerät mit 
gekoppeltem Massenspektrometer (MS) übertragen. Gleichzeitig, wurden die 
korrespondierende getrappte, sowie die Gesamtwasserstoffkonzentration bestimmt. 
 
Die Ergebnisse zeigten, dass die WEZ eine generell erhöhte Anfälligkeit für die 
Degradation besitzt (im Gegensatz zum Grundwerkstoff), unabhängig von der verwendeten 
Legierungsroute. Dabei nimmt die martensitische Grobkornzone die Stellung als anfälligste 
Mikrostruktur ein. Aus den gewonnenen Daten, konnten erstmals durchgängige 
gefügespezifische Kriterien (Hüllkurven) für das Versagen mit quantifizierbaren 
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Wasserstoffkonzentrationen generiert werden. Dazu erfolgten Untersuchungen an  Mn-Mo-
Ni legierten Stählen (16MND5 und 20MND5  / 20MnMoNi5-5) sowie an kriechfesten  
Stählen T24 (7CrMoVTiB1010) und T22 (10CrMo9-10). Generell, zeigten Mn-Mo-Ni 
Grundwerkstoffe eine bessere Beständigkeit als Cr-Mo(-V) Stähle. Im Fall des Cr-Mo-V 
Legierungskonzeptes, konnte zusätzlich die positive Wirkung von Vanadium als 
Legierungselement zur Erhöhung der Beständigkeit gegenüber einer Degradation bestätigt 
werden. 
 
Die Untersuchungen des Diffusions- und Lösungsvermögens zeigten, dass die WEZ 
generell niedrigere Diffusionskoeffizienten besitzt als der Grundwerkstoff. Dies wird durch 
stärkeres Trapping des Wasserstoffs beeinflusst und steigert dabei die Lösungsfähigkeit 
der Mikrostruktur.  Oberhalb von 100°C konnte dabei kein nennenswertes Trapping 
festgestellt werden, außer im Fall des T24 infolge der Zulegierung von Vanadium. 
Unterhalb von 100°C, zeigte sich ein deutlicher Abfall der Diffusion infolge des weiter 
ansteigenden Trappings. Für den betrachteten Temperaturbereich wurden dabei effektive 
Wasserstoffdiffusionskoeffizienten berechnet, die zum Teil höher liegen, im Vergleich zu 
Literaturwerten. Dies liegt zum großen Teil in der optimierten Aufheizprozedur der Proben 
begründet und, daran gekoppelt, der beschleunigten Wasserstoffeffusion. 
 
Die weiterführende Bedeutung der Ergebnisse liegt in drei Bereichen begründet. Erstens, 
besteht jetzt die Möglichkeit der quantifizierbaren Vergleichbarkeit des gefügespezifischen 
Wasserstoffeinflusses auf die Degradation. Zweitens, wurden aus den experimentellen 
Daten, Kriterien für das Versagen für der spezifischen Schweißnahtgefüge abgeleitet. 
Drittens, stehen realistischere Diffusionskoeffizienten für eine Vielzahl von 
Schweißnahtgefügen zur Verfügung. 
 
Aus wissenschaftlicher Sicht ergeben sich wichtige Beiträge zur Interpretation des 
Wasserstoffeinflusses auf die makroskopischen mechanischen Eigenschaften hinsichtlich 
der Legierung bzw. Phasenzusammensetzung, wie oben angeführt. Weiterhin konnte 
gezeigt werden, dass Berechnungsalgorithmen in Kombination mit bestimmten 
experimentellen Randbedingungen, großen Einfluss auf die effektiven Wasserstoff-
diffusionskoeffizienten haben. Dies kann speziell bei erhöhten Temperaturen zu 
Abweichungen führen, die einen weiteren Ansatz zur Erklärung (der in der Literatur) 
genannten Streubänder ergeben. 
 
Aus ökonomischer Sicht leisten die präsentierten Ergebnisse Beiträge zur sicheren und 
zuverlässigen Verarbeitung der Werkstoffe. So können anhand der identifizierten 
Temperaturstufen des Wasserstofftrappings Mindestvorwärm-, Zwischenlagen- bzw. 
Nachwärmtemperaturen für das Wasserstoffarmglühen identifiziert werden. Die 
Verwendung der Diffusionskoeffizienten ermöglicht zusätzlich die Abschätzung bzw. 
Anpassung von notwendigen Haltezeiten. Für die weitere Zukunft ist die Einbindung der 
mechanischen Daten in vorhandene Modelle zur numerischen Simulation und der 
verbesserten Vorhersage wasserstoffunterstützter Degradation von Schweiß-
mikrostrukturen  vorgesehen. 
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Abstract 

Low-alloyed heat-resistant steels have a fundamental contribution to the currently applied 
steel grades in pressurized and temperature loaded components like membrane walls 
(water walls) or pressure vessels. Here, the main advantages of the low-alloy concept can 
be used in terms of superior high temperature mechanical properties, workability and 
decreased amounts of expensive alloy elements. The main challenge for the future is to 
further increase the power plant thermal efficiency independent of the type of power plant 
concept, i.e. fossil-fired or nuclear power plant, where the material selection can directly 
affect reduction of CO2 emissions. 
 
In power plant design, welding is the most applied manufacturing technique in component 
construction. The necessary weld heat input causes metallurgical changes and phase 
transitions in the heat affected zone (HAZ) of the base materials and in the deposited weld 
metal. The weld joint can absorb hydrogen during welding or in later service - This 
absorption can cause degradation of mechanical properties of the materials, and in certain 
loading conditions, hydrogen-assisted cold cracks can occur. This cracking phenomenon 
can appear time delayed due to the temperature dependency of the hydrogen diffusion and 
the presence of a “critical” hydrogen concentration. Additionally, each specific weld 
microstructure shows a certain hydrogen diffusion and solubility that contribute to 
susceptibility of the cracking phenomenon. Therefore hydrogen cannot be neglected as 
possible failure effect, which was identified recently in the case of T24 creep-resistant tube-
to-tube weld joints. It is necessary to identify and assess the hydrogen effect in weld joints 
of low-alloyed steel grades for to improve further early detection of possible failures. 
 
For each specific weld joint microstructure, it is necessary to separate the 
interdependencies between mechanical load and the hydrogen concentration. The 
diffusivity and solubility must be considered to identify hydrogen quantities in the material at 
any given time. In this case, the effects of mechanical loading were dealt with 
independently. For the characterization of the mechanical properties, hydrogen charged 
tensile specimens were investigated for the base materials and thermally simulated HAZ 
microstructures. The hydrogen diffusion was characterized with the permeation technique at 
room temperature and at elevated temperature ranges up to 400°C - It was investigated by 
interpreting the hydrogen effusion behavior with carrier gas hot extraction technique 
(CGHE). For realistic determination of the hydrogen diffusion coefficients, an improved 
method was developed encompassing accelerated specimen heating and hydrogen 
determination via mass spectrometer (MS). Simultaneously, the corresponding temperature 
dependent trapped and total hydrogen concentrations were determined. 
 
The determined experimental results showed increased susceptibility to the hydrogen-
affected degradation of the HAZ compared to the base material, which is independent of 
the investigated alloy composition. In particular, the martensitic coarse grain HAZ is the 
most susceptible microstructure to hydrogen-affected degradation. The results of the tensile 
tests allowed the definition of consistent microstructure-specific failure criteria (envelope 
curves) versus quantified hydrogen concentrations for the reactor pressure vessel 16MND5 
steel (20MnMoNi-5-5) and the creep-resistant T24 steel (7CrMoVTiB10-10). The procedure 
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of quantifying hydrogen concentrations in HAZ microstructures is novel and supports a new 
method of analysis for hydrogen degradation effects. Further investigations with the T22 
steel (10CrMo9-10), as compared to the creep-resistant T24 steel (7CrMoVTiB10-10),  
confirmed the beneficial effect of Vanadium as an alloying element to improve the 
resistance to degradation. In general, Mn-Mo-Ni base material grades show a higher 
resistance compared to Cr-Mo steels that do not include Vanadium alloying. 
 
The investigations showed the decreased diffusion coefficient of the HAZ microstructure 
compared to the base material microstructure. This is caused by the stronger trapping 
effects that are present which simultaneously increase the hydrogen solubility as well. In 
general, trapping effects above 100°C are negligible. It is noted that after testing the T24 
grade, these trapping effects were observed above 100°C and must be considered. At 
elevated temperatures, the calculated hydrogen diffusion coefficients are sometimes 
greater than those in literature. This is primarily due to the unique applied specimen heating 
procedure resulting in a varied hydrogen effusion from the specimen. 
 
The significance of the obtained results can be characterized in three perspectives. First, 
the direct comparison of the degradation was possible in terms of microstructure-specific 
hydrogen effects on the mechanical properties. Second, consistent failure criteria were 
established to quantify degradation vs. the hydrogen concentration. Third, the determination 
of more accurate hydrogen diffusion coefficients is now available. 
 
From a scientific point of view, important contributions were made to further interpret the 
hydrogen effects on the macroscopic mechanical properties, with respect to the alloy 
composition and the microstructure. From a procedural standpoint, the mentioned deviation 
in the elevated temperature diffusion coefficients can be caused by the calculation method. 
This can be an explanation for the reported data scatter in the references. 
 
In terms of an economic view, the presented experimental results contribute to a safe and 
reliable weld workability of the steel grades. Thus, the identified temperature levels of 
hydrogen trapping can be applied in the definition of minimum preheat, interpass or 
postheat temperatures. In addition, recommendations for suitable dehydrogenation heat 
treatment (DHT) procedures, with accurate temperature values and holding times, can be 
derived from these results. In the future, the application of the mechanical and diffusion 
data is intended to support numerical analysis methods to provide an improved prediction of 
hydrogen effects on material degradation in weld microstructures.  
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1 Introduction 

Green energy vs. “conventional” power generation - facts and fiction 
In the past two decades, green energy has become more and more important. In 2035, it 
has been mandated that 60 % of the electrical power shall be generated from renewable 
energies like wind, water or solar power (photovoltaic). In 2014, renewable energies 
covered approximately 26 % of the annual amount of 610 TWh of electrical power in 
Germany [1] as shown in Figure 1-1. 

Figure 1-1: Power generation in Germany in 2014, percentage shares of 610 TWh/a [1] 

Currently, fossil-fired power plants (combined coal amount 44 %) generate the majority of 
electrical power [1]. In addition, renewable energies (especially wind and photovoltaics) are 
highly volatile power generation sources due to seasonal and day-night-time dependencies. 
Hence, there is a remarkable gap until this ambitious aim of 60 % green energy production 
is reached. Additionally, the gap will increase due to the fixed German efforts to eliminate 
commercial nuclear power generation by 2022 [2]. Nevertheless, power grids are 
international networks and the power generation has to be considered from the European 
point of view. For example in the year 2014, 75 % of the electrical power in France was 
generated by nuclear power plants which should be reduced to 50 % within the next 10 
years [3]. In addition, this reduction (140 TWh per year) corresponds to the necessary 
compensated amount of the nuclear power in Germany [4]. Hence, the power needs in 
Europe requires that within the next two or three decades fossil-fired power plants (in 
Germany) and the nuclear power plants (in France) needs to provide safe and reliable 
power generation in central Europe. Thus, the further increase of the power plant efficiency 
is the focus for the next future independent of the power plant concept. Hence, the CO2 
reduction due to the combustion process is the main challenge in terms of fossil-fired 
plants. Generally, the energy in fossil-fired and nuclear power plants is generated from 
steam turbines [5,6,7]. Increasing the efficiency causes higher service loads in terms of 
steam pressure and temperature typically for the duration of several years and for up to 
decades of service [5,6]. Hence, materials have to be applied which fulfill the necessary 
requirements to withstand the service loads for a safe and reliable power generation. 

Failure case - T24 steel used in components of newly commissioned power plants 
For boiler tubes in fossil-fired power plants a V-modified Cr-Mo grade with improved creep 
resistance was applied (T24 - 7CrMoVTiB10-10). Originally, the T24 grade was designed 
with an improved creep resistance to replace the conventional grades like the T22 
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(10CrMo9-10) or the T12 (13CrMo4-4) [8,9]. Additionally, the carbon content was 
decreased to avoid expensive further on-site post weld heat treatment (PWHT) for a wall 
thickness < 10 mm [8,9]. Nevertheless, in the case of manually TIG (tungsten inert gas) 
welded boiler tubes several failure cases mainly occurred in Germany in the time frame of 
2009 to 2012. Figure 1-2 shows a general map of power plants in which T24 steel was used 
for water wall panel components [10,11]. 

Figure 1-2: Newly commissioned fossil-fired power plants with T24 in Germany and neighboring 
countries 

Figure 1-3 shows a representative example for the boiler water wall. The figure emphasizes 
the dimensions of such water wall panels. 

Figure 1-3: Water wall panel [12] 

2,000 mm 
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After the initial boiler pressure test, several hundred cracks appeared in the as-welded TIG 
weld metal (WM) and in the heat affected zone (HAZ) in the manual TIG welded tube-tube 
and tube-plate joints [13]. The problems with the T24 weld joints caused significant delay in 
the initial planned build time of the power plants accompanied by additional costs of several 
billion € for repair or replacement of the cracked components [13,14]. For example, the total 
construction time of the block R of the new commissioned power plant Boxberg (Saxony) 
increased by one year and the T24 problems caused additional costs of 1 billion € [14]. 
Several experimental studies were conducted to clarify the reason for failure and the failure 
mechanisms. Generally, welding fabrication causes microstructure changes in the base 
material (BM) resulting in the heat affected zone (HAZ) with various microstructure 
compositions which contain hard microstructures like martensite, remarkable coarse grains 
and/or changed precipitates [15]. Thus, welding experiments with T24 without further PWHT 
caused hard microstructures in the as-welded condition due to remarkable martensite 
amounts with hardness of typically 370 HV in the HAZ [16,17,18], which is above the 
recommended 350 HV [19]. In this context, hydrogen was identified as a reason failure for 
cold cracking in terms of hydrogen-assisted cracking (HAC) [18,20,21]. Possible hydrogen 
sources were identified due to acid etching of the inner tube surfaces for removing 
contaminants [22]. Additionally, hydrogen generates in case of corrosion of the inner tube 
surface exposed to the pressurized water by the formation of magnetite [22,23]. Hence, a 
controversial discussion was (and is still) in progress to determine if hydrogen is involved in 
the failure as major criterion. For example, Zeman et al. [24] mentioned that T24 tube joints 
do not show increased susceptibility to HAC. Nevertheless, additional reasons for failure 
were identified in terms of a critical temperature range if cracking appears [21,23] and the 
influence of the oxygen content in the boiler feed water [21, 25,26] under an applied load 
resulting in an increased susceptibility of the T24 for stress corrosion cracking (independent 
of the promoting substances like hydrogen or oxygen) [25,26]. 

Additionally, newly commissioned nuclear power plants also showed delay during the 
construction phase due to problems with the required mechanical problems with respect to 
toughness [27,28]. These problems are not related directly to HAC. Nevertheless, it has to 
be emphasized that candidate materials for power plant application have to be investigated 
very well in terms of their mechanical behavior under certain loads. In this context, HAC has 
to be considered as well. 

Motivation of the present thesis 
Low-alloyed (LA) heat and creep-resistant steel grades represent a widely applied material 
class in power station components such as pipes, tubes [5] or (reactor) pressure vessels 
material [6,7]. The main reasons for the application of LA steels are their superior long-term 
mechanical properties and their moderate production costs due to low content of alloying 
elements [5-8]. 

The majority of power plant components are welded to fulfill the necessary requirements 
[5,29,30]. The common good weldability of LA steels has beneficial effects on safety and 
reliability of the manifold weld joints in a power station during service. Weld joint 
microstructures of LA steels in power plant application can show an increased susceptibility 
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to HAC due to hydrogen uptake during welding fabrication or/and later service conditions 
(shown in detail in chapter 2.4.4). These steel grades are Mn-Mo-Ni alloyed for nuclear 
components [6,7] and Cr-Mo-V based for fossil-fired power plants [5,31]. In most cases, 
hydrogen affects the material properties of these steel grades in terms of degradation of the 
ductility (as shown in detail in chapter 2.4.6), which can cause severe failures in power 
stations. Welding causes remarkable microstructure changes in the HAZ of the BM and the 
WM itself according to the applied welding heat input (cooling rate) and weld joint 
dimensions. Hence, each microstructure shows different mechanical properties in presence 
of hydrogen. Additionally, the changing microstructure causes differences in the diffusion of 
hydrogen and in the solubility; both due to trapping. Thereby, the diffusion (i.e. the diffusion 
coefficient) determines the time remaining of a possible “crack critical” hydrogen 
concentration in the weld joint microstructures. Additionally, the temperature is the most 
important influence factor on the diffusion. Hence, the determination of temperature 
depended hydrogen diffusion coefficients is essential for an evaluation of HAC. 

For assessment of a possible susceptibility to HAC, it is necessary to know the special 
degradation of each microstructure in presence of hydrogen and the diffusion behavior at 
room temperature and elevated temperatures. In addition, quantified hydrogen 
concentrations and their detrimental influence are missing in particular for HAZ 
microstructures of welded joints made Mn-Mo-Ni and Cr-Mo-V grades applied in power 
generation. Thus, the scope of this thesis is the characterization hydrogen related 
degradation and the determination of the diffusion of the different BM grades and the heat 
affected microstructures occurring due to welding. The next chapter summarizes the state 
of the art of the most important issues on the subject of this thesis. The main topics are 
steel grades with special properties for application in power generating industry and their 
weld fabrication for component construction. Subsequently, hydrogen diffusion theory and 
analytical calculations methods are presented. The basic mechanisms for hydrogen 
affected degradation of mechanical properties (and HAC) are introduced as well as 
degradation influencing factors. 
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2 State of the Art 

2.1 Power Plant Construction 
2.1.1 Nuclear Power Plants and Fossil-fired Power Plants 

Both power plant types, fossil-fired and nuclear fuel, afford special steel grades with defined 
material properties (such as creep resistance) for their later operation conditions. 
Independent of the plant concept, each type generates electrical power with steam turbine 
driven generators. 

At first, Figure 2-1 shows the general schematic of power generation in a nuclear power 
plant in accordance to [32]. 

Figure 2-1: Schematic of nuclear power plant with pressurized water vessel design according to [32] 

In modern nuclear power plant controlled fission reactions of uranium atoms (due to neutron 
bombardment) generate the so-called decay heat in the reactor vessel. In a simplified 
manner, this decay heat is transferred to a primary coolant circuit (indicated 
by “I.” in Figure 2-1). Nowadays, pressurized reactor vessels are the most installed types in 
the western hemisphere [7]. The main advantage is the remaining of the cooling water in 
the liquid phase. On that account, a higher energy amount can be transferred compared to 
boiling water reactors with one cooling circuit [6,7,32]. The necessary steam is produced via 
a heat exchanger (steam generator) unit in the secondary coolant circuit (“II” in Figure 2-1). 
The generated steam drives via the steam turbines the electrical generator. Subsequently, 
the exhaust steam is transformed back to liquid phase in the condenser.  

Second, fossil-fired power plants follow a similar concept of power generation. Instead of 
nuclear fuel rods, fossil energy sources are used like lignite coal or bituminous coal. 
Figure 2-2 shows the general schematic of power generation in a coal-fired power plant in 
accordance to [33].  
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Figure 2-2: Schematic of fossil-fired power plant in accordance to [33] 

In contrast to nuclear power plants, fossil-fired power plants use fossil fuels like coal (lignite, 
medium volatile bituminous coal and anthracite) and natural gas or crude oil. Hence, they 
have a combustion chamber where the process heat is generated. This heat is transferred 
via special components in the boiler to pressurized water forming hot steam. Subsequently, 
this steam drives the generator. The schematics of both power plant types demonstrate the 
complexity of power plants components. In the next chapter, representative examples for 
weld fabrication of components are given. 

2.1.2 Examples for Weld Fabrication of Power Plant Components 

In the power generation industry, mostly heavy components with increased wall thickness 
are needed such as water walls in case of fossil-fired power plants or reactor pressure 
vessels and steam generators in case of nuclear power plants. These different components 
have different affords to the possible welding technologies. For example, the wall thickness 
has impact on the possible welding technologies in terms of economical reasons and the 
weight or the dimensions (weld seam length) of the component which have to be handled. 
The next chapter shows two different examples of the weld fabrication of components made 
of LA bainitic steels. 

Nuclear power plant components 
For the first example, Figure 2-3 shows the general components of a nuclear Reactor 
Pressure Vessel (RPV) which can have a weight of several hundred metric tons [7]. In this 
case, the weld seam length is not as important as compared to the wall thickness of the 
RPVs. They represented the most critical component of the whole nuclear island. 
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Figure 2-3: Weld fabrication of nuclear RPV in accordance to [7]: (a) RPV main components 
assembled from (b) Plate material or (c) Forgings 

As shown in Figure 2-3, the RPV consists of a wide range of different single components 
(no. 1 to 9). The first power nuclear power plants were mostly fabricated with rolled plates 
including a large number of longitudinal welds as shown in the part b). Nowadays, heavy 
forging parts replaced the plate sections as shown in the part c). Hence, girth welds 
dominate the RPV construction encompassing thicknesses up to 220 mm [7] in the upper 
vessel shell (no. 6). It has to be emphasized that the wall thickness of the latest commercial 
RPV type EPR (Evolutionary Power Reactor) of the third-plus generation from AREVA is up 
to 300 mm including the inner cladding with stainless materials [34]. The typical inner 
diameter of an EPR is 4,900 mm [35]. This demonstrates the necessity of reliable welding 
techniques for these thick-walled components. 

Fossil-fired power plant components 
The second example is the initially mentioned fabrication of water wall panels in fossil-fired 
power plants. Large components are produced under controlled workshop conditions such 
as tubes and the wall material between the tubes. In general the water walls made of 
Cr-Mo-V steel have a wall thickness < 10 mm [8,9]. In case of water walls, the wall 
thickness is not as important as compared to the weld length seam, which reaches several 
kilometers in the whole boiler. Figure 2-4 shows the two general steps encompassing the 
prefabrication in the factory and the assembly on site. 
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Figure 2-4: Weld fabrication of water wall panel (typical dimensions: wall thickness typically 7 mm and 
inner diameter > 30 mm): (a) Component fabrication, (b) On-site assembly at construction 
site 

The component shown in Figure 2-4 shows a simplified workflow of the manufacturing 
process. The component itself can reach a length and width of several meters (as shown in 
Figure 1-3). As indicated in Figure 2-4, they are welded with single-layer submerged arc 
welding (SAW). Subsequently, the tubes are jointed with the plate material - indicated by 
the yellow “weld seams” - . Due to the complex geometry, the on-site assembly of the ready 
component (a) is carried out by manually multi-layer tungsten inert gas (TIG) welding - 
indicated by the blue “weld seam”). 

2.1.3 Service Conditions 

In case of nuclear power plants, two different concepts are used in power generation: first, 
the boiling water reactor (BWR) and second the pressurized water reactor (PWR) [5,7]. The 
latest development in PWR technology is the European Pressurized Reactor (EPR)1 with 
increased service conditions [35]. Fossil-fired power plants are currently operated with three 
different concepts. The concepts are divided by their service conditions into the sub-critical 
(S), supercritical (SC) and ultra supercritical condition (USC) [5,31]. Table 2-1 gives a brief 
survey of current service conditions of components in power plants. 

Table 2-1: Current service conditions of components in power plants 

Condition Nuclear power plant 
[5,7,35] 

Fossil-fired power plant 
[5,8,9,31] 

Steam 
pressure in 
Bar (MPa) 

BWR 
PWR 
EPR 

   71      (7.1) 
155    (15.5) 
176    (17.6) 

S 
SC 

USC 

   165     (16.5) 
   240     (24.0) 
> 240     (24.0) 

Steam 
temperature 

in °C 

BWR 
PWR 
EPR 

286 
327 
350 

S 
SC 

USC 

   540 - 565 
   540 - 565 
> 590  

1 Also referred to as “Evolutionary Power Reactor” in China and North America 
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The overall performance of power generation is based on the so-called thermal rate of 
efficiency. Independent of nuclear fuel or fossil fuel, the electrical power is produced in 
generators driven by steam turbines. Hence, the rate of efficiency is mainly influenced by 
the process parameters steam pressure and temperature. As shown in Table 2-1, the 
process parameter “temperature” is elevated in case of fossil-fired power plants. This is due 
to the increased operating temperature for the water-steam conversion in the boiler due to 
the combustion of coal. In case of RPVs the water is directly heated by the nuclear fuel. 
Nevertheless, especially nuclear power plants have to withstand increased temperatures of 
approximately 300°C. The current state of the art is an operation condition of 176 bar of 
steam pressure at a design temperature of 350°C [35], i.e. RPV grades show a significant 
creep resistance, too. 

The presented service conditions [5,7-9,31,35] require tailored material properties like a 
certain high temperature material strength and toughness accompanied by additional 
necessary properties like corrosion resistance. In contrast, economical demands effort 
solutions in terms of cost effective steel making and the further processing (forging, weld 
fabrication, etc.). Therefore, low-alloyed (LA) steels are widely applied in both power plant 
types due to their efficient steel making costs due to less expensive alloy elements with 
high amounts like Cr or Ni. 

2.2 Low-alloyed Steels for Power Plant Components 
2.2.1 Material Properties vs. Load Condition 

The next paragraphs show the main challenges defining the necessary materials properties 
considering the service conditions for both power plant types shown in Table 2-1. 

Creep-resistance as main challenge in fossil-fired power plants 
Creeping is a time-dependent mechanism indicated by a plastic deformation of the material. 
This deformation occurs under a constant applied load below the yield strength of the 
material. In addition, the creep damage mechanism is a thermal activated process and 
occurs below 30 % of the melting temperature “TM” of the corresponding material [36-38]. 

In case of fossil-fired power plants, high-temperature creep is the predominant mechanism 
[36-38]. The typical high-temperature creep deformation process shows three different 
stages: primary (I), secondary (II) and ternary (III) creep. During these stages the rate of 
deformation is mostly controlled by the microstructure and strain hardening limits. Stage (I) 
represents the initial load of the component accompanied by the service load. Stage (II) 
represents the “normal” case for long-term operation where a constant steady-state creep 
rate occurs. If the stage (III) - ternary creep - is reached the material shows distinct 
degradation resulting in increasing creep rate [36]. The design criterion for creep-resistant 
steels is the so-called creep-rupture strength. This strength is determined for a duration of 
10,000 hours by experimental investigations in accordance to EN 203 [39] in Europe or 
ASTM E139 [40] in North America. The most common failure in creep-loaded components 
is the occurrence of so-called creep pores by a weakened microstructure [41]. These pores 
initiate and grow together in the end of the secondary creep stage and form micro cracks. 
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The quantity and formation of the occurred creep pores during service loads is used as 
indicator for damage measurement [36]. 

Fracture toughness as main challenge in nuclear power plants 
In contrast to fossil-fired power plants, Nuclear RPV components are minor influenced by 
creep processes due to operating temperatures of approximately 330°C (see Table 2-1 in 
accordance to [5]. The fracture toughness of a material is assessed by Charpy test. The 
aim is the determination of the ductile to brittle transition temperature (DBTT) and is defined 
in ISO 148-1 [42] or in ASTM E23 standard [43]. Especially RPV components have to 
withstand extended safety requirements in terms of fracture toughness and sufficient 
strength. This is important to ensure the structural integrity of pressurized RPV main 
components [44,45]. On that account, the chemical composition (Mn-Mo-Ni alloy system or 
[46,47] or Ni-Mo-Cr alloy system [48,49]) has influence on the fracture toughness. In 
addition, the occurring microstructure and precipitates are influenced by the applied heat 
treatment condition [50]. 

During service, the belt line region of a RPV can face a degradation of toughness by 
irradiation effects. The neutron radiation causes a clustering of particles in the steel due to 
the nuclear fission reactions [46,51,52]. Typical clusters can be Mn-Ni-S [47,53,54] or 
Cu-rich clusters [55]. These clusters are obstacles for the dislocation movement and result 
in a certain hardening of the material accompanied by a reduced toughness. 

Additional corrosive loads 
In case of fossil-fired power plants corrosion resistance of the applied materials is a second 
major effort despite the creep-resistance. In case of water wall panels components have to 
face two different in-service corrosion loads. The first is certain corrosion at high 
temperatures in the combustion chamber due to forming chemical compounds in the flue 
gas such as H2S [56] or SO2 [8]. These corrosion reactions mainly occur on the fire-side of 
the power plant components. The second is steam oxidization inside the tubes due to the 
transported hot live steam [8,57]. This can result in a formation oxide layers which reduced 
tube thickness and increasing stress. Additionally, electrolytic corrosion in the lower 
temperature range (<200°C) can occur in pressurized water in with the risk of hydrogen 
generation [58]. Additionally to the power plants, LA Cr-Mo steels are applied for example in 
oil or petrol refining industry. In this case, the used steel grades are highly prone for 
hydrogen uptake (for example) due to H2S [59]. 

In general, the corrosion resistance of RPV steel grades in hot water environment is 
decreased compared to bainitic Cr-Mo-V steels due to decreased Cr content in the 
chemical composition [60]. In case of RPVs, electrolytic corrosion like stress or strain 
assisted corrosion cracking (SCC) can occur in hot steam (BWR) or hot water (PWR) 
environment [61,62]. Nevertheless, RPV steel grades are less prone to corrosion. Nuclear 
components like pressure vessels are operated under (controlled) relatively severe 
environmental conditions with strict monitoring of the water chemistry, i.e. the chemical 
composition of the feeding water in the primary cool-circuit [63]. Additionally, most RPVs 
are clad with corrosion-resistant high-alloyed materials. Hence, LA bainitic steels are 
primary intended as construction material for RPV components [64]. 
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The LA steels are extensively used in power plant construction due to their very good 
mechanical properties combining high temperature strength and sufficient ductility with their 
cost efficient production process. LA steels with a bainitic microstructure are the state of the 
art in component construction used in fossil-fired power plants and nuclear power plants 
[36,37,41,45]. The main requirements for the steels are defined elevated temperature 
mechanical properties. Hence, two mechanical properties are considered as the most 
important: creep-resistance at elevated temperatures for fossil-fired power plants [36-38,41] 
and (especially in case of RPVs) fracture toughness [44,45]. 

2.2.2 Strengthening Mechanisms Dependent on Chemical Composition 

Distinct improvement of creep strength and corresponding operational temperatures could 
be achieved during the last decades. Two strengthening mechanisms are essential for 
sufficient mechanical properties of LA bainitic steels: (I) solution strengthening and (II) 
precipitation hardening. They are explained further in the following paragraphs. 

(I) Solid solution strengthening 
For the hardening by solid solution strengthening, a solid alloying element is added to the 
material with the intention of improved mechanical properties. Together with the base metal 
matrix they form a solid solution. The alloy element can be dissolved as substitution atom 
(large atom replaces a matrix atom) or as interstitially dissolved atom (small atom between 
two metal matrix atoms). In both cases, the dissolved elements are obstacles that hinder 
the dislocation movement resulting in an increased strength. In addition to carbon, Mo, Ni 
and Cr are the most effective elements for increasing the material properties by solution 
hardening [36,38]. 

(II) Precipitation strengthening 
Precipitates form during the production process as second phase in the metal matrix. The 
dimensions of these precipitates are depended on the chemical composition of the steel 
alloy and the applied heat treatment. The precipitation hardening is in the case of (creep-
resistant) steel grades in power plant construction one of the most effective hardening 
mechanism. Alloying elements like Mo or Cr increase significantly the material strength. The 
further addition of Ti, V or B leads to the precipitation of particles (ranging from several nm 
to several µm). Additionally, the particles segregate in the grains and the grain boundaries 
of the corresponding microstructure. Both effects are beneficial for an improved creep 
resistance. As mentioned, the creep mechanism is strongly depended on the temperature 
due to improved slip processes. In case of precipitation inside the grains, the precipitated 
particles hinder the dislocation movement. In case of grain boundaries, they increase the 
critical temperature level where slipping of the grain boundaries occur [38,46]. 

Overview of alloy element influence on mechanical properties 

Table 2-2 gives a brief survey of the influence of alloy elements and typical chemical 
compounds. For further studies, the dissertation of Dawson [38] is recommend and the 
work of Abe et al. [65] in case of creep-resistant steels. 
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Table 2-2: Examples of alloying element influence on mechanical properties 

Element Typical 
comp. Mechanism Positive effect Ref

C 

C I Hindered dislocation movement [36] 

M2C/M3C 
II Formation of stable precipitates 

(M=Fe,Mo,Cr,Ti) 
[38] 

M6C2 

Mo 
Mo I Hindered dislocation movement and 

increased toughness [46] 

Mo2C II Hindered grain boundary slipping [46] 

Cr 
M23C6 
(Cr7C3) 

II Hindered grain boundary slipping but 
meta-stable carbides [38,66] 

Mn MnS I (minor effect) Desulphurization of steels [38] 

Ni - I Improved toughness and weldability 
especially in case of RPVs [46,67] 

V 

V I Hindered dislocation movement [-] 

VC II Hindered dislocation movement due to 
nano-sized secondary precipitates [68] 

V4C3 II 
Hindered grain boundary slipping and 
stabilization of sub grain structures 
(bainite laths) 

[69,70] 

Ti 
TiC II 

Hindered grain boundary slipping 
(increased thermal precipitate stability 
compared to V) 

[68,70,71] 

TiN II Hindered grain boundary slipping and 
reduced carbide coarsening [71] 

B BN II Hindered grain boundary slipping and 
reduced M23C6 coarsening [8,9,79] 

As shown in Table 2-2, each alloy element contributes to the mechanical properties. In 
particular for the LA creep-resistant steels, fine dispersed (Cr, Mo, V or Ti-rich) precipitates 
(like in the T24) are necessary for sufficient creep-resistance [5,8,9,36]. In RPVs of nuclear 
power plants, the Mo and Mn carbides are the most important precipitates [6,7,45]. A closer 
look on the used alloy concepts is given in the next chapters. 

2.2.3 Cr-Mo-V Alloy Concept for Creep-resistant Steels 

In the 1930’s first comprehensive investigations were conducted for ascertaining the basic 
creep mechanisms [36]. Improvements in the chemical compositions were done to increase 
both: the long term creep strength and shift to higher temperatures. Figure 2-5 shows the 
creep strength of selected steel grades compared to the temperature assorted by the 
historical development in the creep strength [36,72]. The grey lined box in Figure 2-5 
indicates the application boundaries for Cr-Mo (-V) low-alloyed steels. 
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Grade: Ref.: 

16Mo3  [73] 

13CrMo4-5 [74] 

T/P22   [9,72] 

T/P23   [75] 

T/P24   [9,72] 

T/P92   [72] 

NiCr23Co12Mo [76] 

Figure 2-5: Creep rupture strength (105 h) of (LA) creep-resistant steels for fossil-fired power plants 

From Figure 2-5 one can conclude that LA Cr-Mo steel grades with 2.25%Cr-1%Mo (like 
T/P22) show distinct lower creep strength at lower operational temperatures. In accordance 
to Paddea et al. [77] carbides have the major contribution on the creep strength in LA 
creep-resistant steels as shown in Table 2-3. Where, “M” is a proxy for metal. This shows 
that (beside Fe) other metals are involved in formation of the necessary carbides for 
sufficient creep-strength. 

Table 2-3: Typical carbides in LA creep- resistant Cr-Mo-V steels [77] 

Carbide type Description 

M3C Fe3C (cementite), often including other elements like Mn 

M7C3 Cr-rich carbides or complex-carbides including Mn, Mo and V 

M23C6 Cr-rich carbides with Fe and Mo 

M6C Ternary carbides of Fe or Mo 

MC Carbides formed by V, Nb and Ti 

M2C Mo-rich carbide

Mo was reported with minor effect on high temperature creep strength above the 
Mo-solubility limit of 1 % [78]. Hence, Mo content is mostly limited to this value in case of 
improving the creep-strength. Nevertheless, in Cr-Mo steels Mo2C is the most stable 
carbide with fine needle shape particles resulting in high creep resistance [77]. For 
challenging the increased operational requirements V-modified Cr-Mo steels (like T/P23 
and T/P24) are applied as indicated in Figure 2-5 with step 2 to 3 step. The addition of V 
increases long-term creep-rupture strength of Cr-Mo steel grades [36,80,65]. In this case, 
V4C3 carbides precipitate in the microstructure with plate-like form. Like Mo2C it is very 
stable in ferritic (bainitic) microstructures and confers higher creep resistance due to the 
very fine precipitates in the grains and at the grain boundaries [77]. Additionally to the 
improved creep properties, V-modified steels show comparable oxidation resistance in 
comparison to conventional Cr-Mo grades. For example the V-modified T24 grade shows 
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formation stable oxide layer up to 0.2 mm after 5000 h of service exposure at 600°C which 
is in the same range of the conventional Cr-Mo T22 grade [8]. 

In case of the V-bearing T24 grade Ti and B alloying elements are added for the formation 
of fine dispersed (and nano-sized) V and Ti carbides or (boron) nitrides. These steel grades 
have beneficial cost effects in production due to the low-alloyed composition (for example 
decreased Ni or Cr content) as well improved weldability (in terms of pre or post heating of 
a weld joint) compared to high-alloyed steel grades or nickel-base alloys [8,9,71]. 
Additionally, the alloying of B retards the ferrite transformation. As a result the B-added 
Cr-Mo V steels show a bainitic microstructure in a wide range of cooling rates [9,79]. 

One important beneficial effect of improved creep-resistance is the possible reduction of 
wall thickness due to the increased mechanical properties. Figure 2-6 shows the possible 
wall thickness reduction for representative service (operational) conditions in the case of 
P22 substituted by X20 leading to finally to grade P91 (comparable mechanical properties 
like P92) in accordance to [80]. 

Figure 2-6: Necessary pipe wall thickness for different steel grades at same operating conditions 
(560°C, 100,000 h creep rupture, Inner diameter - ID -300 mm) [80] 

The increased mechanical properties of P91 ensure identical operational reliability of 
components compared to grade P22. But, from Figure 2-6 one can conclude that the 
necessary wall thickness can be reduced from 115 mm (P22) to 49 mm (P91). This means, 
reduced necessary plate thickness can lead to significant economical advantages due to 
decreased material consumption. Additionally, the efficiency of the (coal) combustion 
process increases. In particular, this is the case during start-up due to a decreased 
necessary total heated volume of the heat exchanger in the boiler. Furthermore, tolerable 
temperature gradients during heating up and shut down increase, i.e. suitability for cyclic 
operation mode increases, too (resulting in tailored power generation concepts) [81]. This is 
necessary due to the difficulties to schedule the amount of power generation by renewable 
green energies like wind to ensure a balanced national and international power grid. 
Otherwise, black-outs could occur. For next generation power plants an operational 
temperature above 590°C is aimed (step 4 to 5 in Figure 2-5). Candidate materials are 
creep-resistant steels with high Cr-content (9 % to 12%) like the T/P92 [72]. Nevertheless, 
the high Cr content increases manufacturing costs. Further research focuses on Ni-base 
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alloys (for example alloy 615) due to their superior high temperature properties. 
Nevertheless, Ni is very expensive compared to Fe-based materials.  

The LA Cr-Mo-V steel grades show improved creep-resistance due to the addition of 
carbide forming elements like Ti, B or W [5,8,9,36,75,79]. Combined with the advantages of 
the good weldability and possible wall thickness reduction; they represent the current state 
of the art in components in fossil-fired power plants [13,77,81]. 

2.2.4 Mn-Mo-Ni Alloy Concept for RPV Components 

The Mn-Mo-Ni alloy concept is the most accepted nuclear pressure vessel material class for 
RPVs in Western Europe and North America [7,64]. The previous mentioned Cr-Mo or 
Cr-Mo-V system was and is still the standard grade in RPVs in Eastern Europe and in 
Russia (former Soviet Union) in so-called WWER (Water-Water-Energy-Reactor which 
means cooled and moderated by water) [7]. Nevertheless, all LA RPV grades show bainitic 
microstructure as mentioned by Davies based on a comprehensive literature study [7] or 
presented in the work of Hoffelner [45]. 

A good combination of mechanical properties (strength and toughness) is necessary for 
RPV steels in combination with increased weldability and high resistance to neutron 
irradiation resistance. Over the past decades, LA bainitic steel grades have been applied in 
nuclear power plant construction. In case of RPV steels the fracture toughness is 
considered as main safety factor [82]. As a result, special respect is given to the chemical 
composition of the material. In terms of carbon, Im et al. [46] reported that decreased 
carbon content in Mn-Mo-Ni alloys has beneficial effects on the fracture toughness in case 
an increasing Mo-content. For example, Figure 2-7 shows the typical change of the fracture 
toughness described during Charpy test. 

Figure 2-7: Fracture toughness depending on C and Mo content in accordance to [46] 

An elevated Mo content up to 1 % (combined with decreased C content) has beneficial 
effect on toughness by shifting the ductile-brittle transition temperature (DBTT) to lower 
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values [46]. However, Mo has a minor effect on high temperature creep-strength [78]. For 
RPV components this is less important due the average operating temperature of 327°C [5], 
which is significantly below operating temperature of 540°C in case of fossil power 
plants [5,31]. 

Ni was reported with beneficial effect on DBTT [67]. But absolute alloy content of Ni is 
mostly limited to 1 wt.-%. The reason is the formation of Ni-Mn rich clusters causing an 
increased embrittlement under neutron irradiation [53]. Especially for the belt region of 
RPVs, the so-called radiation embrittlement has to be considered in case of using LA 
steels. 

Additionally to the nominal chemical composition, the mechanical properties of bainitic LA 
Mn-Mo-Ni steels are achieved by a special heat treatment. According to the standards, they 
are mostly in quenched and tempered condition (Q+T) resulting in tempered bainitic 
microstructure [47]. For example, Ahn et al. [83] reported the beneficial influence of an inter-
critical heat treatment on the mechanical properties.  

In other words, the fracture toughness is designated as most important criterion in terms of 
steel grade application in RPVs. This is clearly demonstrated due to the findings in 2015 in 
the currently commissioned EPR in Flamanville (Normandy, France). There, non-detailed 
“anomalies have been identified” in the composition of forged steel components (vessel 
dome plate and vessel bottom plate). In these two components, high carbon concentrations 
were identified to be responsible for lower toughness values than expected [27]. Now, the 
French authorities committed the responsible companies for a new series of tests to prove 
the fulfillments of the requirements [28]. 

2.3 Welding of Bainitic Low-Alloyed Steels 
2.3.1 Applied Welding Techniques 

The submerged arc welding (SAW) is the one of the most applied welding techniques for 
both types of power plants: nuclear [64] and fossil-fired [84]. In the case of manufacturing 
large scale components, the SAW has a beneficial economical effect due to the increased 
deposition rate resulting in decreased total welding time [85,86]. SAW is mostly limited to 
the horizontal welding position (PA) with relatively wide opening angle. Hence, the narrow-
gap technique is applied resulting in a decreased weld seam volume and weld heat input, 
especially in welding of thick-walled components [84,87]. For example, Tan et al. [90] 
reported a butt weld joint with 150 mm thickness using TIG for 9 layers acting as root seam 
and 89 SAW filler layers using the narrow gap welding technique for a LA 
Cr-Mo-Ni steel grade. As mentioned a wall thickness of > 150 mm is the state of the art in 
RPV components construction. 

The TIG (tungsten inert gas) or GTA (gas tungsten arc) welding is common in power plant 
construction. For example, the TIG welding is applied in the assembly of components such 
as the initially mentioned water wall panels or boilers. TIG welding is based on an electric 
arc burning between a non-melting tungsten electrode and the material [88] and can be 
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applied in nearly each welding position [89]. In particular, this is important for the 
tube-to-tube welds in water wall panels. 

In RPV construction, TIG and SAW can be combined in terms of TIG root layer welding and 
filler layer welding by SAW [90]. In general, the same fusion welding techniques are applied 
for Cr-Mo-V creep-resistant steel grades. Nevertheless, increasing creep-rupture strength 
causes a strict compliance of welding parameters and teaching as well as supervision of 
welding staff. Especially failures occurred in on-site T24 welds emphasize these 
requirements [13,16-18,22,24]. 

2.3.2 Weld Microstructures and Mechanical Properties of LA Steels 

Independent of the welding technique, a weld joint consists of unaffected base BM, heat 
affected zone (HAZ) and weld metal (WM) area. In a real weld joint different microstructures 
occur during welding which are dependent on several factors like weld heat input (i.e. the 
welding process) and weld joint geometry. 

Grain size vs. peak temperature 
Figure 2-8 shows a brief survey of possible types of microstructures in a typical single bead 
weld joint [91,92]. 

Figure 2-8: Weld microstructures in single-bead weld [91] 

As shown in Figure 2-8, the peak temperature and the related holding time above 
austenitization temperature have great impact on the occurring weld microstructures in the 
HAZ in terms of grain size. In accordance to Figure 2-8, two main parts of the HAZ can be 
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identified. The first is the coarse grain heat affected zone (CHAZ) and the second is the fine 
grained heat affected zone (FHAZ). The CHAZ typically occurs above 1,000°C and below 
the melting point of the BM and is characterized by distinct grain coarsening. Additionally, 
the CHAZ area close to the fusion line consists of coarse prior austenite grains and fine 
prior delta ferrite grains. Typically, the FHAZ occurs between 850°C and approximately 
1,000°C. In the FHAZ, peak temperature is normally above austenitization temperature and 
below dissolution temperature of meta-stable precipitates (like VC) stabilizing prior 
austenite grain boundaries (PAGs). Hence, in the FHAZ distinct grain growth is avoided. 
Experience showed that excessive grain growth in CHAZ can be controlled by alloying of 
fine-grain forming elements like Ti or Nb which show dissolution stability above 1,000°C 
[93]. In addition to the peak temperature, the cooling rate has major influence on occurring 
microstructures as shown in the following. 

Influence of cooling speed on microstructure 
The occurring microstructures (in terms of cooling rate influence) can be estimated from 
continuous cooling transition diagrams (CCT) for example for the Cr-Mo-V in [31] or for 
Mn-Mo-Ni steel grade in [94]. For the weld application the predominantly microstructures 
can be estimated from the CCTs and the percentage amount in case of phase mixtures like 
bainite and martensite. Additionally, the occurring hardness in the HAZ can be estimated. 
Typical CCTs of the investigated LA steel grades (16MND5 and T24) are shown in the 
chapter 4.2. 

Typically, the weld microstructures of LA steel weld joints consist of a mixture of bainite 
and/or martensite with different amounts in tempered or quenched condition. Bainite occurs 
in steels with sufficient carbon content during cooling after austenitization. The bainite 
formation encompasses the dependence on cooling speed and carbon content resulting in 
a changing start temperature of bainite formation. Hence, bainite has no distinct 
microstructure features. In general it consists of ferrite and cementite (Fe3C) [95]. In 
contrast to bainite, martensite is formed by rapid cooling (i.e. quenching) with such high 
rates that carbon diffusion velocity is insufficient in the crystal lattice to form enough 
quantities of cementite. Hence, fcc-austenite transforms to highly strained body centered 
tetragonal ferrite resulting in a remarkable increase of the hardness [96].  

In general, a mixture of both phases (bainite and martensite) occurs in the HAZ of weld 
joints of LA Cr-Mo-V steel grades and in RPV steel grades due to the similar CCTs with 
comparable bainite and martensite start temperatures [31,94,97]. Nevertheless, the 
occurring hardness in the HAZ microstructures can show remarkable differences depending 
on the chemical composition. 

For Mn-Mo-Ni grades, Kim et al. [98] conducted SAW welding experiments and thermally 
simulated the different microstructures for single and multi-pass welding. In case of single 
pass welding they reported the occurrence of nearly martensitic microstructure for a 
t8/5-time2 of 13 s for the CGHAZ at 1,350°C (460HV hardness). With decreasing peak 
temperature to 900°C the appearance of ferrite/bainite increases and the hardness is 

2  Cooling time from 800°C to 500°C 
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reduced (approximately 280HV to 300HV). The hard martensite microstructure is improved 
in terms of toughness and decreasing hardness due to the annealing effect of additional 
layers by multi-layer welding. 

Influence of post weld heat treatment on mechanical properties 
The welding of steel grades applied in power generation industry affords special 
requirements for the weld joints. The most important is the so-called post weld heat 
treatment (PWHT). The PWHT can be necessary to fulfill the requirements of 
the applied standards in terms of toughness and strength. In general, specifications for heat 
treatment conditions are provided by steel makers; have to be done in accordance to 
corresponding standards, technical rules or recommendations as well as a result from 
industrial experience. Figure 2-9 shows the general influence of the cooling rate and 
a subsequently heat treatment (tempering) on the mechanical properties of a low-alloyed 
C-0.5Mo steel [99]. 

Figure 2-9: Cooling rate and heat treatment influence on mechanical properties at room temperature 
(C-0.5Mo LA steel in accordance to [99]) 

As indicated in Figure 2-9, a fast cooling condition (for example in case of TIG) results in a 
remarkable increase of the tensile strength compared with a loss of ductility. The reason is 
for example formation of hard constituents like martensite or secondary phase particles. 
Additionally, the missing tempering influence (blue curves A1, B1, C1 in diagram) indicates 
an increasing strength of the material. As a result, tempering or PWHT after welding 
improves the mechanical properties in terms of increasing toughness expressed by the 
reduced ultimate tensile strength (grey curves A2, B2, C2). 

2.3.3 Specifics for Welding of Cr-Mo-V and Mn-Mo-Ni Steels 

2.3.3.1 General Remarks 

Independent of the specific chemical composition, a typical welding sequence for LA 
bainitic steel grades includes a tailored weld heat input. Thick walled components require 
multi-layer welding techniques like narrow gap welding [64,84,87] or temper-bead 
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welding [100], which was developed to reduce or to avoid PWHT. This ensures a minimized 
weld heat input resulting in limited distortions and weld residual stresses. For example,  
Mark et al. [102] compared the influence of weld heat input on the residual stresses for 
single layer and three-layer welding in a RPV grade. It was stated that multi-layer welding 
had beneficial effects on the occurring longitudinal and transverse weld residual stresses. 
Especially, the occurring longitudinal tensile stresses can be remarkably reduced. 
 
In addition, the plate thickness has great impact on necessary preheating and/or 
postheating [101]. Typical preheat temperatures are between 100°C and 200°C 
accompanied by interpass temperature of 150°C for SAW welded Mn-Mo-Ni grades [102] 
and can be up to 300°C for Cr-Mo-V TIG weld joints [103]. The PWHT is the most important 
step after welding for improvement of the mechanical properties in terms of toughness and 
ductility and the reduction of hardness peaks and weld residual stresses. The next chapter 
describes special affords made in case of Cr-Mo-V and Mn-Mo-Ni steel grades mainly after 
welding. 
 
 
2.3.3.2 Specifics for Welding and PWHT of Cr-Mo-V Steels 

In case of Cr-Mo/Cr-Mo-V weld joints, a PWHT is necessary after welding. In particular, the 
widely applied T22 grade (10CrMo9-10) needs a PWHT due to possible hardness (by 
martensite formation) in the WM and the HAZ of above 400HV resulting in a degradation of 
the toughness and creep strength [104]. Hence, Cr-Mo steel weld joints are typically heat-
treated after welding above the intended service temperature for the stabilization of the 
necessary precipitates in the microstructure [97]. Additionally, the specific  
AC1 transformation temperature is the maximum possible PWHT temperature of LA steel 
grades (due to ferrite  austenite transformation). With the application of a proper PWHT, 
the necessary mechanical properties can be achieved (i.e. sufficient toughness and long-
term creep-rupture strength). A typical welding sequence of a Cr-Mo-V weld joint is shown 
in Figure 2-10 for T24 steel grade [105]. 
 

 
Figure 2-10: Preheat and post weld heat treatment (PWHT) sequence of T24 weld joints [105] 
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In accordance to [105], T24 steel weld joints should be preheated and welded with 
interpass temperature in the range from 200°C to 280°C. In accordance to the plate 
thickness, a subsequent PWHT shall be applied at 740°C for several hours. The necessary 
holding time depends on wall thickness of the component or can be avoided in case of 
small wall thickness. Table 2-4 shows typically achieved mechanical properties of Cr-Mo 
weld metal  T22 and Cr-Mo-V T24 weld metal (in accordance to applied welding procedure 
and PWHT condition). 
 
Table 2-4: Mechanical properties (at room temperature) and hardness of pure Cr-Mo (T22) and 

Cr-Mo-V (T24) weld metal vs. PWHT condition 
Grade (welding 

procedure) PWHT Rm in 
MPa 

Rp0.2 in 
MPa 

A5 in 
% HV Ref. 

T22 (TIG/SMAW) --- 523 347 12 420 [104] 
T22 (TIG/SMAW) 720°C / 0.5 h 512 273 12 290 [104] 

T24 (TIG) --- 803 664 19 322 [103] 
T24 (TIG) 740°C / 2 h 699 595 19 230 [103] 

T24 (SAW) 740°C /2 h 626 507 22 233 [103] 
 
A certain PWHT results in a distinct decrease of hardness (from 420HV to 290HV) in the 
case of T22 with higher carbon content (max. 0.20 %) compared to T24. Hence, toughness 
of the weld metal (and the HAZ) increases [104]. In case of T24, the PWHT has to be 
applied for thick-walled components at temperature of 740°C for at least 2 h [8,9,36]. The 
heat treatment is essential in case of SAW due to insufficient toughness of the WM [8] if 
welded without further PWHT. In case of TIG welding of thin plates or tubes with a wall-
thickness less than 10 mm, PWHT was intended to be avoided due to the decreased 
carbon content of T24 carbon content (0.06 % C). In this case, a hardness of 322HV10 in 
WM occurs which is below the maximum tolerable hardness of 350HV. Hence, the 
necessity of PWHT was controversially discussed in terms of the newly developed T24 
grade. Maile et al. [106] reported that TIG weld joints can show hardness above 350HV in 
the HAZ and WM. Additionally, Mohyla and Foldyna [68] reported that welding without 
subsequent PWHT causes a secondary hardening in both HAZ and WM at later service 
temperature of 550°C. They investigated the microstructure features of long-term creep 
exposed weld joints. They concluded that welding without subsequent PWHT causes a non 
equilibrium condition of the MX precipitates (M = Cr, Mo, V, Ti and X = C, N), i.e. incomplete 
forming and precipitation of the particles. Hence, these particles precipitate at the elevated 
service temperatures and cause a secondary hardening. This includes the Cr-Mo-W-V 
grade T23, too [107]. Additionally, Park et al. [108] reported that grade T23 can show an 
increased PWHT cracking susceptibility also know as reheat or stress relief cracking. 
Hence, a proper PWHT is generally recommended for LA advanced bainitic steel grades 
T23 and T24.  
 
Xavier et al. [109] conducted numerical investigations on the weldability of T24 steel. They 
concluded that preheating of the weld seam below 200°C has minor effect on the occurring 
cooling curves and respectively the final hardness and toughness. Nevertheless, a proper 
preheating of the weld seam can extend the range of possible heat input in terms of 
suitable HAZ hardness and good mechanical properties. Especially in terms of manually on-



2 State of the Art 

22  BAM-Dissertationsreihe

site TIG welding, different weld heat input ranges have to be considered. Nevertheless, 
conventional LA creep-resistant steels (like T22 grade) are mostly preheated up to 200°C 
in case of a work piece thickness > 15 mm [101] or > 16 mm in accordance to ASME [312].  

On-site lessons learned showed that the advanced Cr-Mo-V grade T24 is recommended to 
be welded with a preheat temperature of maximum 200°C and an interpass temperature 
maximum of 350°C [103,106]. 

Figure 2-11 shows the general tendency in case of advanced bainitic Cr-Mo-V steels 
(T23/T24) described by a possible window of applicable welding parameters [110]. 

Figure 2-11: Increasing requirements for welding of LA creep-resistant materials [110] 

In addition to the influence of the chemical composition and technical procedures, highly 
experienced welding staff is necessary, especially for manually welded on-site TIG joints 
[106,110]. In accordance to Heuser and Jochum [110], welding of T23 and T24 grade 
requires highly skilled welding staff and tailored welding procedures (with or without 
PWHT). 

In addition, the high oxygen affinity of Ti and B can result in an uncontrolled burn-out 
(especially of Ti) during fusion welding. This is especially important in TIG field welding at 
construction sites. Atmospheric cross-flows can cause shielding gas instabilities resulting in 
oxygen contaminations of the shielding gas. Hence, Ti was suggested to be replaced with 
Nb showing comparable long-term creep properties of the weld seam [9]. Additionally, 
Swindeman et al. [111] reported for high alloyed 9 %-Cr martensitic Cr-Mo-V steels that Ni 
and Mn alloy content retards austenite transformation temperature AC1, the martensite start 
Ms and finish Mf temperature. In case of 1 % (Ni + Mn) martensite finish temperature is 
decreased below 200°C. Hence, austenite cannot transform entirely during fast cooling or in 
case of multi-layer welding with inter-pass temperatures above 200°C. 
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2.3.3.3 Specifics for Welding of Mn-Mo-Ni Steels 

As mentioned, the toughness of the material and corresponding weld joints is the most 
important property of RPV weld joints (beside superior mechanical tensile properties). 
Additionally, the (coarse grain) HAZ shows lower toughness (and represents sometimes the 
most critical HAZ microstructure) compared to the BM [100,112]. Hence, a sufficient PWHT 
is necessary. Figure 2-12 shows the tendency between toughness of a coarse grain HAZ 
microstructure vs. different heat treatment conditions [113]. 
 

 
Figure 2-12: Toughness of (coarse grain) HAZ vs. heat treatment condition compared to the BM in 

accordance to [113] 
 

As shown in Figure 2-12, a temperature of 610°C has to be applied for a remarkable 
change of toughness values compared to the as-welded condition (indicated in the diagram 
by the red line - “without”). If the heat treatment is applied up to several days (60 h) 
toughness values can be reached which is comparable to the unaffected base metal 
(marked by the dashed blue lines). 
 
Compared to on-site weld joints of components of fossil-fired power plants, RPV 
components are fabricated under controlled conditions in big workshops. Hence, 
manufacturing of a RPV is under better control. But, this is mostly more expensive than 
components in fossil-fired power plants with comparable dimensions and weight. Especially, 
the wall thickness of typically above 100 mm of RPV components requires advanced 
fabrication technologies like narrow gap SAW [64]. Typically, weld joints of RPV weld joints 
are heat-treated after welding within a temperature range from 610°C to 630°C for several 
hours up to several days depending on plate thickness [87,113,114]. This PWHT leads to 
the desired effect of the improved toughness of the weld joint microstructures decreased 
weld residual stresses due to high temperature treating. Additionally, the increased 
hardness of WM and HAZ can be reduced by a subsequent heat treatment after welding. 
 
Compared to the creep-resistant Cr-Mo-V steel grades, a PWHT for Mn-Mo-Ni steels is 
carried out primarily for the improvement of mechanical properties in terms of toughness but 
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also for the reduction of occurring weld residual stresses. Especially the PWHT 
temperatures are quite different (typically 710°C to 720°C for Cr-Mo-V and 610°C to 620°C 
for Mn-Mo-Ni) [115]. This difference is due to the slightly decreased transformation 
temperature of Mn-Mo-Ni steel grades compared to Cr-Mo-V steel grades. For 
exemplification, Figure 4-5 (on page 91 in chapter 4) shows a CCT of a Mn-Mo-Ni grade 
and Figure 4-11 (page 94) shows a CCT of a Cr-Mo-V grade. Additionally, the intended 
service temperature in a RPV is nearly 250°C below a fossil-fired process. 
 
 
2.4 HAC and Degradation in Welded Microstructures 
2.4.1 Introduction / Weld Imperfections 

Welding fabrication causes microstructure changes in the HAZ of the BM including partly 
dissolution of precipitates, grain size effects or a distinct hardening. This is accompanied by 
necessary multi-layer welding in the case of thick walled components encompassing under-
matching filler metals and dissimilar weld joints. This wide range of influencing factors can 
result in a number of possible failures of the weld seams. They have great impact on the 
reliability and the safety of the weld joints. In general, these weld imperfections can be 
divided (for arc welding processes like TIG or SAW) into six different groups in accordance 
to EN ISO 6520-1 [116]. They are shown in Table 2-5. 
 
Table 2-5: Weld imperfections [116] 

Group No.: Designation Examples 
1 Cracks Local rupture of material in solid-state 
2 Cavities Gas pore, crater pipe  

3 Solid inclusions Non-metallic slag, flux, oxide or other 
metallic inclusions 

4 Lack of fusion and penetration Lack of side-wall fusion, incomplete 
penetration 

5 Imperfect shape and dimensions Undercut, shrinkage grooves 
6 Miscellaneous imperfections Spatter, grinding marks 

 
In accordance to Table 2-5, the code EN ISO 5817-1 [117] divides these weld imperfections 
into certain quality levels. For example, cracks are classified in each case as “not 
permissible” due to their unpredictable behavior under a certain load condition. A special 
case of cracks in weld joints are cold cracks. In accordance to [116], cold cracks appear at 
a temperature < 450°C. These types of crack encompass the hydrogen-assisted cracking 
(HAC). HAC appears typically at temperature below 100°C. A closer view on the HAC topic 
is given in the next chapter. 
 
 
2.4.2 The Importance of HAC and Time-delayed Cracking 

HAC is a failure which can occur in solid-state constructional materials and in weld joints. 
The importance of hydrogen is based on the possible risk of delayed cracking even 
within hours or days. The reason is the temperature dependency of hydrogen diffusion in 
a given microstructure. If hydrogen is introduced to a susceptible microstructure (for 
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example via welding) and cooled down, the diffusion velocity of hydrogen decreases and 
hydrogen can remain in the microstructure. Typically, hydrogen and a certain load condition 
results in degradation of mechanical properties or “embrittled” local areas. Hence, a lot of 
scientific publications use the abbreviation “HE” for hydrogen embrittlement synonymously 
for hydrogen-assisted cracking “HAC”. In general, the susceptibility of a material to HAC is 
influenced by the interaction of local factors. They can be described with a triadic 
interdependency model as shown in Figure 2-13 [118]. 
 

 
Figure 2-13: Influence of local factors on HAC susceptibility 

 
In accordance to Figure 2-13, the three main factors controlling HAC (or a certain 
degradation of the mechanical properties) are the combination of possible crack susceptible 
microstructure under a defined load condition in presence of hydrogen [118,119]. 
Additionally, each single factor is a sum of different sub-branches as shown in a brief 
survey in the following. 
 
The local microstructure represents the material condition itself. This encompasses the 
chemical composition, lattice structure (fcc or bcc) and grain size, inclusions or 
precipitations as material strength controlling factors. In general, materials with increased 
hardness or strength (like LA bainitic steels) show increased susceptibility to HAC 
compared to mild constructional steels (like S355). 
 
The local (diffusible) hydrogen concentration (HD) represents the dissolved hydrogen 
concentration in the material. The hydrogen can be absorbed in the material during 
fabrication or service. A “critical” hydrogen concentration is reached if a degradation of the 
mechanical properties occurs. 
 
The local mechanical stress is influenced by fabrication and service conditions in terms of 
the applied stress and strain rate. In case of weld fabrication, residual stresses occur due to 
thermal expansion of the material resulting in weld distortions and displacements. A 
hindered shrinkage of the weld joint (as in the case of thick walled components) can result 
in an increased residual stress level (for example [120,121].  
 
As mentioned, the three main factors have interdependencies which encompass to be 
determined important data which allows the assessment and raking of the susceptibility to 
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HAC. Table 2-6 summarizes the most important interdependencies and necessary data for 
HAC assessment. 
 
Table 2-6: Interdependencies of factors controlling HAC 

Interdependency Influence to HAC 
Necessary data for 
assessment of HAC 

susceptibility 

HD / Stress Degradation of mechanical 
properties in presence of H 

Tolerated hydrogen 
concentration 

HD / Microstructure Microstructure influence on 
hydrogen transport process 

Time (and temperature ) 
dependency of hydrogen 

concentration decay 
Microstructure /  Mechanical 

stress 
Basic material strength / general 

susceptibility 
Microstructure depended 

mechanical properties 
 
As derived from Table 2-6, an accurate qualitative and quantitative ranking of HAC 
susceptibility requires the mentioned necessary data. Due to the complexity of the HAC 
complex, it is necessary to have a closer look to the hydrogen transport and the occurring 
degradation mechanism. It has to be emphasized that the general mechanisms are valid for 
all microstructures. In addition, a specific single (weld) microstructure defines an increased 
or decreased susceptibility to HAC in terms of the occurring degradation in presence of 
hydrogen. 
 
The microstructure has equivalent important effect on the hydrogen transport (i.e. diffusion). 
The hydrogen solubility of a microstructure significantly depends on hydrogen trapping 
efficiency resulting in a changed diffusion. As a result, the solubility has to be considered 
together with trapping and diffusion characteristics for evaluation and assessment of HAC. 
 
 
2.4.3 Hydrogen Adsorption and Absorption Mechanisms 

From a potential source, generated hydrogen can be adsorbed at a material surface 
accompanied by later absorption in the bulk material. In accordance to the identified 
aggregate states liquid (aqueous electrolyte) and gaseous, there are different mechanisms 
for hydrogen adsorption. 
 
In case of an aqueous electrolyte/material interface, hydrogen adsorption and absorption of 
hydrogen occurs in subsequent steps: (I) the transport of hydronium/hydroxide ions in the 
electrolyte to the specimen surface, (II) Reduction and adsorption at the specimens surface 
and (IIIA) recombination to molecular hydrogen or (IIIB) absorption of atomic hydrogen in 
the bulk material or recombination [122]. Hence, only atomic hydrogen is diffusible in the 
metal lattice. 
 
(I) Transport to metal surface and reduction to atomic hydrogen 
In this step, the hydrogen atoms are generated from aqueous electrolytes. At first 
hydronium ions (H3O+: in acids) or hydroxide ions (OH-: in alkalines) are transported to the 
metal (specimen) surface [122]. Subsequently, the hydrogen is adsorbed (“HAd”). 
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(II) Reduction and adsorption at metal surface 
Subsequently, the atomic hydrogen is produced for example in aqueous acidic electrolytes 
as shown in Equation 2-1. In case of the reduction of hydronium ions at metal surface, this 
reaction is called Volmer mechanism [122]. 

H3O+ + e- → H2O + HAd Equation 2-1: Volmer reaction for acids 

Additionally, atomic hydrogen can be produced from alkaline solutions in accordance to 
Equation 2-2 by reduction of neutral water resulting in production of hydroxide ions [122]. 

H2O + e- → OH- + HAd Equation 2-2: Volmer reaction for alkaline 

Both previously shown equations correspond to cathodic part of a corrosion reaction of iron 
in acidic or strong alkaline solutions. 
 
(III-A) Recombination 
In this step, the adsorbed atomic hydrogen recombines to molecular hydrogen and desorbs. 
The desorbing reaction can be described by the Tafel mechanism (Equation 2-3) for 
reaction of two adsorbed hydrogen atoms. The Heyrovsky mechanism describes the 
reaction of adsorbed atomic hydrogen for acids (Equation 2-4) and alkaline solutions 
(Equation 2-5) [122]. 

HAd + HAd → (H2)
Ad

 Equation 2-3: Tafel recombination 

HAd + H3O+ + e- → (H2)
Ad

 + H2O Equation 2-4: Heyrovsky recombination for acids 

HAd + H2O + e- → (H2)
Ad

 + OH- Equation 2-5: Heyrovsky recombination for alkaline 

After recombination, hydrogen desorbs in gaseous phase under normal conditions. In 
general, the hydrogen activity in an electrolyte is low during electrochemical reactions due 
to the disequilibrium of recombined and generated atomic hydrogen. In general, hydrogen 
recombines faster to molecular hydrogen compared to generation of atomic hydrogen. The 
reason is the preferred energetic stability of hydrogen molecules compared to the atomic 
condition. 
 
(III-B) Hydrogen absorption 
If the recombination process is disturbed, the amount of absorbed hydrogen “HAb” in the 
bulk material is significantly increased. This means the equilibrium condition changes to an 
increase of adsorbed hydrogen. As a result, the amount of absorbed hydrogen increases 
due to the hindered recombination process [122]. Corrosion inhibitors (or so-called catalytic 
poisons) influence these reactions. For example, promoters impede hydrogen 
recombination and increase the hydrogen absorption. Inhibitors have a contrary  
effect [122]. Typical hydrogen absorption promoters are chemical elements like P, As, Se or 
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S or their compounds [122, 123]. In particular for Cr-Mo steel grades, sulphur has great 
impact on possible hydrogen adsorption. In this case, the promoter is a sulphur containing 
compound with hydrogen (hydrogen sulfide H2S) [122]. As a result, NACE standard 
MR0175 [124] and ISO standard ISO 15156 [125] are widely applied for testing materials 
for oil field equipment in terms H2S influenced hydrogen-assisted stress corrosion cracking. 
Additionally, organic compounds like cyanides or thiourea increase hydrogen absorption in 
the metal lattice [126,127]. Protopopoff and Marcus [128] suggest four different 
mechanisms to describe effect of promoters. For example, they presumed the decreased 
binding energy between adsorbed hydrogen atom and metal lattice. Hence, the atomic 
hydrogen is preferentially absorbed due to favorable decreased energy. 
 
In general, it is assumed that hydrogen is absorbed in bulk material by release of the 
electron of the hydrogen atom and subsequently bound by a metal atom (or the lattice) 
[129,130] resulting in a remaining proton in accordance to Equation 2-6. 

HAd → HAb 
+ + e- Equation 2-6: Absorption of hydrogen (“HAb”) 

Additionally, hydrogen is the element with the smallest atom diameter. Hence, even very 
small lattice sites can be occupied. In addition, hydrogen is mostly dissolved as interstitial 
[130,131]. Nevertheless, hydrogen can be stored in a material in alternative forms like 
hydrides or as recombined gaseous hydrogen in internal surfaces or voids [129]. 
 
As mentioned, hydrogen is mostly dissolved as interstitial. Possible interstitial sites in the 
metal lattice vary with the lattice type (bcc, fcc, hcp, etc.). Figure 2-14 shows possible 
interstitial sites for hydrogen (marked by small black dots) in fcc and bcc matrix. Both types 
represent the predominantly matrix in steels. The surrounding open circles represent atoms 
of the metal lattice. 
 

 
Figure 2-14: Hydrogen as interstitial atom in (a) fcc, (b) bcc matrix [129,131] 
 
As shown in Figure 2-14, hydrogen is dissolved in octahedral sites (“O”) or in tetrahedral 
sites (“T”). In the fcc matrix (part a on the left) hydrogen is preferably stored in O-sites due 
to increased lattice parameter compared to T-sites. In contrast, hydrogen is mostly stored in 
T-sites in case of bcc-matrix (part b on the right) in accordance to [130,132]. 
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The bcc matrix itself has an increased number of interstitial sites for hydrogen. Hence, 
metals with bcc matrix like Cr, Mo, Mn, Nb or V show increased hydrogen solubility 
[133,134] compared to fcc materials like Cu [135] or Al [136]. 
 
In terms of bcc steel microstructures like ferritic, bainitic, pearlitic and martensitic 
microstructure (or α-iron) [137], hydrogen diffusion and solubility show distinct differences 
compared to austenitic steels with fcc matrix (γ-iron) [138]. In general, hydrogen solubility of 
austenite is approximately three magnitudes higher compared to ferrite and diffusion is 
decreased by five magnitudes [139-141]. In contrast to the ideal lattice, real microstructures 
show several defects. These defects increase the hydrogen solubility above equilibrium  
Fe-lattice solubility. Hence, the defects are called hydrogen sinks or hydrogen trap sites 
(detailed description in chapter 2.4.8.3, on page 48). 
 
 
2.4.4 Hydrogen Sources during Weld Fabrication (and Service) 

In general, hydrogen can be a result from electrochemical reactions or the dissociation of 
molecular hydrogen to atomic hydrogen at elevated temperatures [142]. Hence, there are 
manifold hydrogen sources during weld fabrication of the components. In general, the 
corresponding hydrogen sources can be divided by their causing reason: fabrication and 
service. 
 
Hydrogen sources during (weld) fabrication 
There are manifold hydrogen sources during weld fabrication. Table 2-7 presents a choice 
of important hydrogen sources prior (“P”), during (“D”) and after (“A”) weld fabrication. 
 
Table 2-7: Hydrogen sources during weld fabrication 

Hydrogen 
source 

P, D or A 
welding Example Ref. 

Air moisture D TIG / GMA due to insufficient shielding gas 
atmosphere [143] 

Weld flux and 
flux-cored wires P/D SAW with “wet” flux without bake-out before 

welding (hygroscopic behavior)) [143,144] 

Electrode 
covering P/D SMAW with insufficient baked-out electrode 

covering (hygroscopic behavior ) [143,145] 

Surface coatings P H2 from grease or oil-containing surface 
coatings due to insufficient surface cleaning [146] 

Shielding gas D TIG welding of root-run with H2-containing 
forming/ backing gas [147] 

Welding 
equipment P/D Leaking of weld torch cooling system [143] 

Post treatment 
of weld joints A Surface cleaning of weld joints with acidic 

etchants (containing carbon hydrides) [22] 

 
The most important path for hydrogen uptake is certain hydrogen contamination of the 
shielding gas, which is subsequently dissociated in the arc column from molecular hydrogen 
to atomic condition. For example, Figure 2-15 shows the principal hydrogen entry in the 
weld pool for TIG welding process in accordance to [148]. 
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Figure 2-15: Hydrogen absorption during welding in accordance to [148] 
 
In general, atomic hydrogen is generated via dissociation of molecular hydrogen or 
condensed water (from air moisture) which can enter the shielding gas atmosphere 
(indicated by “I”). The atomic hydrogen is transported into and absorbed in the weld  
pool (II). Subsequently, the atomic hydrogen can diffuse into solid state weld joint (III). This 
joint consists of the solidified welt deposit, the HAZ and the BM. A part of absorbed 
hydrogen effuses and recombines (IV). This absorbed atomic hydrogen can diffuse through 
the microstructures and is responsible for a degradation of the mechanical properties and a 
possible failure in terms of HAC. Additionally to the mentioned sources in Table 2-7, 
hydrogen cannot be avoided during steel making process and is a “normal” alloy element. 
Hence, the BM can be a hydrogen source itself but the hydrogen from steel making 
process, in general, plays a minor role due to the low amount. 
 
Hydrogen sources during service conditions 
It has to be emphasized that welded components can absorb hydrogen during service, too. 
Table 2-8 shows a brief survey of possible hydrogen sources in power generation industry. 
 
Table 2-8: Hydrogen sources during service condition 

Source RPV / Fossil Example Ref. 

Aqueous media RPV Stress corrosion cracking (SCC) in 
aqueous media [149] 

Aqueous media Fossil Hydrogen generation from SCC by 
magnetite formation (Schikorr reaction) [22,23] 

Gaseous media Fossil Hydrogen generation from hot live steam [150] 

 
As shown in Table 2-8, possible hydrogen sources during service have to be considered 
and during weld fabrication. Hence, special surveillance of weld joints is maybe necessary 
to monitor hydrogen uptake during special service conditions: This is especially important 
for pressurized components of nuclear and fossil-fired power plants. 
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Weld joints of creep-resistant steel LA steels (like the introduced T24 in chapter 1) are 
susceptible to environmental hydrogen uptake in a hydrogen-containing surrounding. For 
example, cracking can occur in WM and in HAZ as shown by Hoffmeister and  
Böllinghaus [21]. In case of RPV steel grades, hydrogen can be generated in hot water 
environment. For example, Baeumel et al. [149] reported behavior even in absence of 
hydrogen promoters in deionized water. 
 
In spite of undesired hydrogen uptake in constructional materials, there are cases for 
intended hydrogen evolution that become more and more important for future application of 
hydrogen as fuel for power generation. For example, hydrogen can be generated by 
electrolysis from electrolytes [151] or by heterogeneous catalysis from gaseous or 
evaporated media [152]. 
 
 
2.4.5 HAC Mechanisms 

2.4.5.1 Recent HAC Mechanisms 

Nowadays, different mechanisms are widely discussed in the scientific community. Each 
mechanism offers an explanation for the effect of hydrogen in solid state materials mainly 
for metallic materials. The three most common proposed mechanisms are: 
 
 Decohesion model / hydrogen enhanced decohesion (HEDE) 
 Plasticity theory / hydrogen enhanced localized plasticity (HELP) 
 Adsorption-induced dislocation emission mechanism (AIDE) 
 
Decohesion model / HEDE 
This model was developed by Trojano [153] because the pressure and adhesion theory 
(described in the chapter 2.4.5.2) were not appropriate to explain experimental results of 
hydrogen embrittlement very well. The idea of Trojano was to describe the hydrogen effect 
further based on atomistic scale behavior. He describes the interaction of hydrogen and 
iron electrons. The dissolved hydrogen atoms in the metal matrix compound deliver their 
electron to the 3d-orbitals of the iron atoms and rest as protons in the matrix. As a result, 
the electron density increases at preferred sites. The consequence is that the cohesive 
force between the atom nuclei is reduced. The described mechanism is called HEDE. 
HEDE is the abbreviation for hydrogen enhanced decohesion. 
 
Following on from Trojano’s model, Oriani [154] built up the decohesion theory for high 
strength steels. This limitation is made because an already existing crack grows only if a 
critical hydrogen concentration remains at the crack tip. This case is only possible if the 
crack tip is conserved. The crack only grows elastically and has no “losses” in terms of 
plastic deformation. But this model is limited due to assumption of “sharp” cracks and only 
in bcc-metals. However, it is known that ultra-high-strength steels have a plastic zone at the 
crack tip, too [155,156]. 
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Plasticity theory / HELP 
The theory includes all kinds of metallurgical effects that may change the local plasticity of a 
material and are caused by the influence of hydrogen. The fundamentals of this theory are 
that hydrogen limits the volubility of dislocations in the material. Additionally, Nelson 
reported that hydrogen can cause two effects: hardening and softening [157]. Hardening 
means that a material undergoes strain-hardening, in opposite softening means that a 
material can show strain-softening. These effects are dependent on the chemical 
composition of the used steel grade. That means that different alloying elements change 
the mechanical behavior of the material in presence of hydrogen.  
The hardening effect can be explained by preferred hydrogen diffusion into critical (highly 
stressed) areas and that hydrogen limits the volubility of dislocations. Hence, decreased 
plasticity at a crack tip can favor brittle fracture in the material. It is assumed that softening 
effect is caused by enhanced volubility of the dislocations. In accordance to the softening 
effect, it was reported that increased volubility of dislocations increases HAC susceptibility 
of metals [156,158]. 
 
This effect is explained with the HELP theory (hydrogen enhanced local plasticity). It was 
developed by Sirois and Birnbaum [159] and Birnbaum and Sofronis [160]. This theory 
presumes that hydrogen increases the local deformability in a material by enhancing the 
volubility of dislocations. As a result, the yield strength is decreased due to advanced slip 
processes of dislocations. This effect is accompanied by a locally decreased strength. In 
addition, high level of mechanical stresses at crack tips favor increased hydrogen 
concentrations in this area. Cracking may occur as consequence. The main metallurgical 
factors which influence the hydrogen dependent improved slip processes have not been 
clearly identified till today. 
 
AIDE 
The abbreviated AIDE mechanism was first proposed by Lynch [161] and further developed 
and reported in [162]. The AIDE mechanism is more complex compared to HEDE or HELP. 
The “emission of dislocations” indicates that the AIDE mechanism explains the hydrogen 
effect on mechanical properties by nucleation of dislocations and movement of dislocations. 
The term “adsorption induced” indicates that hydrogen has to be first adsorbed near to a 
crack tip and is responsible for the subsequent formation of dislocations as suggested by 
Clum [163]. After nucleation, dislocations can easily move away from the crack tip under an 
applied stress or strain. This nucleation stage includes the formation of a dislocation core by 
shearing of several atom layers. Hence, adsorbed hydrogen can cause additionally 
weakening of interatomic bonds leading to crack propagation. Additionally, the AIDE 
mechanism involves nucleation and growth of microvoids ahead of crack tips and 
nucleation and growth of voids at second phase particles. However, the crack growths by 
emission of dislocations in front the crack tips [156]. 
 
Lynch [156] also mentioned that adsorbed hydrogen weakens the interatomic bonds in the 
range of several atomic layers accompanied by additional formation of dislocations. Hence, 
a great part of these new formed dislocations result in crack growth. Compared to ductile 
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microvoid coalescence, the fracture topography in accordance to the AIDE mechanism is 
characterized by dimples with smaller diameter as well as shallower depth.  
 
Hybrid mechanisms 
Each HAC mechanism had significant partly experimental proofs [156]. However,  
a dominant fracture mechanism depends on the material, the microstructure, environmental 
condition, stress-intensity factor and many other variables. Hence, the mentioned 
mechanisms may occur conjointly. For example, dislocations nucleated in the plastic zone 
of a crack tip (as the result of AIDE) can move away from the crack tip in accordance to the 
enhanced dislocation volubility in accordance to HELP mechanism [164]. 
 
 
2.4.5.2 Senior HAC Mechanisms 

Additionally to the previously presented recent mechanisms, a choice of senior mechanisms 
is presented which were developed in the past: 
 
Hydride theory 
The hydride theory is based on formation and fracture of hydrides at crack tips. It is 
assumed that hydrogen diffuses to regions of high hydrostatic stresses in front of crack tips. 
Subsequently, nucleation and growth of hydride phases occurs followed by cleavage of 
these hydrides after reaching a critical size. Finally, the crack arrests at the hydride-matrix 
interface. As a result, crack growth occurs due to several repetitions of the mentioned cycle 
of hydride formation and cleavage [156,165]. This theory is an explanation for HAC in 
hydride forming elements like V, Zr, or Ti [166,167]. In terms of Fe-based materials like 
steels, this theory has limited significance. Additionally, this mechanism only occurs in  
a defined regime were hydrides are stable (temperature and mechanical load). 
 
Pressure theory 
The pressure theory describes the effect of recombining atomic hydrogen to molecular gas-
phase. For example, recombination can occur at impurities (segregations) or in micro-voids. 
This results in gathering of numerous hydrogen molecules under high pressure at preferred 
sites in the material. If a critical pressure is reached the cohesive strength of the 
surrounding metal matrix is overloaded and cracking occurs. For example, this mechanism 
explains blistering in case of surface cleaning by acid pickling. But it does not encompass 
an external load condition in accordance to Figure 2-13 [168]. Hence, it is less applicable 
for explanation of HAC in components under a certain service load condition. 
 
Adsorption theory 
The adsorption theory assumes that a crack process already occurred. In the crack tip the 
surface energy is decreased for formation of fresh crack surfaces due to adsorption of 
hydrogen. Hence, the crack can propagate because of decreased necessary surface 
energy. Thus, the necessary mechanical stress level for crack propagation is decreased in 
a similar manner. As a result, a certain degradation of local mechanical properties can 
occur [169]. 
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A wide choice of mechanisms is available for explaining HAC as well as crack initiation and 
propagation. Currently, the most accepted mechanisms are HEDE [153,154], HELP 
[159,160] and AIDE mechanism [161,162]. However, the latest publication from Robertson 
et al. in 2015 [170] report an extensive detailed analysis of available literature. They 
conclude that HAC is mostly controlled by dislocation processes as postulated by Beachem 
[158]. These processes are enhanced and accelerated in presence of hydrogen. In 
accordance to Robertson et al. [170], the occurring fracture mode is probably decohesion 
(supporting HEDE) but the “determining conditions” are driven by hydrogen-enhanced 
plasticity mediated process” (supporting HELP). Hence, a combination of several 
mechanisms is the reason for HAC and demonstrates the complexity of hydrogen effect on 
material properties. 
 
 
2.4.6 Hydrogen Effect on Degradation of Welded Microstructures 

2.4.6.1 Strength vs. Ductility 

Hydrogen causes degradation of macroscopic mechanical properties of metals and 
technical alloys like steels. This degradation is expressed sometimes in a decrease of the 
ultimate tensile strength (UTS) and/or yield strength (YS). Nonetheless, the most significant 
effect is the reduction of ductility expressed by reduction of area, fracture strain or 
toughness. Figure 2-16 shows the general hydrogen influence on degradation of the 
mechanical properties of Cr-Mo and Cr-Mo-V alloyed steel grades used in power  
plants [171]. 

 
Figure 2-16: Degradation of ductility of Cr-Mo and Cr-Mo-V creep-resistant steels [171] 
 
As shown in Figure 2-16, a remarkable increase of the embrittlement index on 30 % can be 
seen for HD of approx. 1.8 ml/100 g Fe in terms of Cr-Mo steel and 5.3 ml/100 g Fe for the 
V-added Cr-Mo-V. The embrittlement index is defined by percentage increase of fracture 
surface of hydrogen charged specimen compared to hydrogen free condition. Hence, it 
corresponds to a normalized (material dependency) value of hydrogen influenced reduction 
of area compared to hydrogen free reference value. As shown in Figure 2-16, a relatively 
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low hydrogen concentration (HD) of 2 ml/100 g Fe (Cr-Mo) and 5 ml/100 g Fe  
(Cr-Mo-V) resulted in remarkable degradation of the ductility! 
 
At first, increasing hydrogen concentration leads to degradation of ductility in terms of 
reduced fracture strain and reduction of area. Secondly, if a susceptible microstructure 
meets a sufficient hydrogen concentration, the tensile properties (UTS and YS) can show a 
corresponding degradation. This is important regarding the intended application of a 
material in accordance to design-rules. For example, the yield strength in a component can 
be locally reached in highly strained and stressed regions due to service loads. In this case, 
a degradation of ductility by hydrogen could be detrimental resulting in an increased HAC 
susceptibility. In accordance to the mechanical properties, the degradation effect can be 
identified by corresponding fracture topographies. A choice is presented in the next chapter. 
 
 
2.4.6.2 Typical Topographies Related to Hydrogen Degradation 

Figure 2-17 gives a brief summary of possible fracture topographies (b-f) in presence of 
hydrogen. In accordance, Table 2-9 lists the fracture types and typical fracture 
topographies. Primarily, the fracture topography in Figure 2-17-a (respectively Table 2-9-a) 
represents the reference of the hydrogen unaffected ductile fracture characterized by 
dimples due to microvoid coalescence. 
 

 

 
Figure 2-17: Occurring fracture topographies in presence of hydrogen in accordance to [156,162]: 

(a) Reference - Overload fracture and (b-f) Hydrogen influenced fracture topographies 
 

  

a) e) 

b) d) f) 

2 µm 

2 µm 2 µm 50 µm 

c) 

200 µm 2 µm 
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Table 2-9: Fracture modes and topographies in the case of HAC [156,162] 

Part Fracture type Fracture mode Typical fracture topography 
a) Overload fracture Ductile Deep dimples  Hydrogen free reference 

b) Hydrogen 
influenced fracture Ductile Shallow dimples 

 Typically at low HDs 

c) 
d) 

“Fish-eyes” 
Magnified 

Mixture of ductile 
and brittle 

Transgranular cleavage facets around inclusions 
surrounded by dimples  
 Typically at medium HD 

e) 
Dimpled 

intergranular 
fracture 

Mixture of brittle 
and ductile 

Dimpled fracture facets along grain boundaries 
 Typically at high HD 

f) Intergranular 
fracture Brittle Smooth fracture facets along grain boundaries 

 Typically at high HD 
 
As shown in Table 2-9, the susceptibility to HAC increases in the order from (b) to (f) 
expressed by changing fracture mode from ductile to brittle mode. With respect to the 
topography, the dimpled structure changes in presence of hydrogen to local cleavage 
facets and further with increasing HD to distinct intergranular cracking. Typically, 
intergranular fracture represents the worst case of degradation due to obvious grain 
boundary weakening. This occurs at qualitatively high absorbed HD. It has to be mentioned 
that a crack critical HDs is mainly related to microstructure and chemical composition of the 
investigated material. 
 
A special fracture type/topography is the so-called “fish-eye” due to its special appearance 
(described inparts Table 2-9 part c and d). These embrittled areas are indicated by round 
shape of an area were quasi cleavage fracture occurs – as shown in Figure 2-17 part (c) 
and (d). According to Lynch [172] and Martin et al. [173], quasi-cleavage fracture is 
described by non-cleavage planes with fine lines called river markings. “Fish-eyes” are 
described by three characteristic properties: (I) quasi cleavage fracture surface in presence 
of hydrogen, (II) mostly round or oval shape of an embrittled area around an (metallic) 
inclusion and (III) surrounded by ductile fracture surface. 
 
As concluded by Lynch [156] (based on a comprehensive review of secondary references) 
each of the previous mentioned mechanisms HEDE, HELP and AIDE can be linked to a 
predominant fracture topography. 
 
 The HEDE mechanism probably dominates in case of brittle inter- and 

transgranular fracture. As a result, impurities have to be segregated at the grain 
boundaries combined with high HD. 

 The HELP mechanism increases the initiation of slip band fractures which can be 
seen in SEM figures too. This is evident in terms of Ni-base alloys or stainless steels. 
But HELP plays only a minor role in case of other fracture modes (for example 
cleavage fracture). 

 In absence of hydrides, the AIDE mechanism probably predominates for cleavage-
like fracture and dimpled intergranular/transgranular fracture in steels. 
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It can be stated that hydrogen inside a susceptible microstructure results in remarkable 
macroscopic degradation of mechanical properties. For this purpose, a sufficient HD is 
necessary [170,171]. This manifests in changing fracture topography with increasing HD 
[156,162,171-173]. A qualitative ranking with increasing HD is: Ductile microvoid 
coalescence  Transgranular quasi cleavage  Transgranular cleavage  Intergranular 
fracture. Of course, a mixture of several fracture topographies can also appear. Hence, the 
assessment of hydrogen influence on a certain crack initiation and propagation is very 
complex. 
 
 
2.4.6.3 Cold Cracking Tests 

For evaluation of hydrogen effect on the properties of weld microstructures it is necessary 
to carry out two topics: (I) identification of qualitative susceptibility and (II) quantitative 
identification of crack critical HD. A variety of cracking tests were developed in the past. 
Especially for weld joints, cold cracking tests are well established. In accordance to 
Kannengiesser and Böllinghaus [174], a large number of more than  
200 tests is available. Cold cracking tests are divided into determination of cracking 
sensitivity of base materials, weld filler metals and deposited WM with regard to the applied 
welding parameters. For example, these parameters are the plate thickness, welding 
current and travel speed. Cold cracking tests provide qualitative results in terms of a 
“crack/no crack” criterion or quantitative results in terms of determination of test parameters 
for crack free welds. In general, cold cracking tests are divided into two classes according 
to the load condition during the test into self-restraint and externally loaded  
tests [118,175,176]. 
 
 Self-restraint cold cracking tests are self-loaded due to a given structural load by the 

stiffness of the specimen itself without any further external load. For example, the 
welding parameters (plate thickness, welding current and travel speed) influence the 
occurring cooling condition, penetration depth and occurring residual stresses. Hence, 
the load condition varies with the applied parameters [175]. 

 Externally loaded cold cracking tests superpose the self-restraint of the specimen (for 
example a test weld encompassing a single-layer bead-on-plate weld) with a defined 
external load. This external load can be bending or tensile load. In contrast to self-
restraint tests, varied welding parameters can be compared to defined mechanical 
loads. Hence, quantitative results of hydrogen vs. mechanical stress and strains can 
be obtained. Typically, this load should be comparable to realistic loads in a real 
component [176]. 

 
Depending on test conditions, the cracking tests are sometimes restricted in terms of 
component transferability. However, they allow a qualitative and quantitative statement in 
terms of load condition or HD (if determined) for evaluation of a possible sensitivity for HAC. 
In-depth details of a large number of cold cracking tests in terms of execution can be found 
in [175] for self-restraint tests and in [176] for externally loaded cold cracking tests. 
Additionally, Kannengiesser and Böllinghaus presented a review and comparison of the 
most common cold cracking tests [174]. They noted that the transferability of cold cracking 
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tests to real welded components in one of the most important facts for the evaluation of a 
possible (hydrogen-assisted) cold cracking due to a certain restraint condition. Hence, 
numerical analysis can support reliable results. Table 2-10 shows a selection of two 
available standardized cold cracking tests with respect to self-restraint or external load. The 
Tekken-test [175] is given as representative for self-restraint cold cracking test and the 
Implant-test [176] as representative for externally loaded tests. 
 
Table 2-10: Examples for self-restraint and externally loaded cold cracking tests [174-176] 

Test Description Boundary Cond. Ref. 

Self-restraint 
test 

(Tekken) 

 Multi-axial undefined loading by self-restraint 
 Evaluation of base and filler metals 
 Cracks in HAZ or WM 

 Variation of 
restraint by 
plate 
thickness 
 

 Welding 
parameters 

[174,175]  Results: 
 Heat input 
 Hydrogen concentration 
 Ranking of different materials 

Externally 
loaded test 
(Implant) 

 Defined external load 
 Evaluation of base and filler metals and HAZ 
 Typically cold cracks in the HAZ 

 Variation of 
defined test 
load 
 

 Implant 
geometry 
 

 Welding 
parameters 

[174,176]  Results: 
 Crack-critical implant stress 
 Heat input 
 Hydrogen concentration 
 Ranking of different materials 

 
Both tests in Table 2-10 demonstrate the complexity of the different available tests. All cold 
cracking tests only provide qualitative statements (crack/no crack) or quantitative results 
like the comparison of weld heat input to the cracking sensitivity [174]. This can be 
supported by the experimental determination of hydrogen concentrations in the specimens. 
Nevertheless, these cracking tests cannot provide an adequate description of the most 
susceptible microstructure in the HAZ and specific HD in the materials. 
 
 
2.4.6.4 Selected Methods for Evaluation of Hydrogen Effect on Degradation / HAC 

Cold cracking tests can hardly provide results concerning the common degradation of 
mechanical properties prior to hydrogen-assisted cracking in final stage. Hence, further 
evaluation techniques are necessary providing information about possible degradation for 
different weld microstructures. A common approach for evaluation of possible degradation 
is mechanical testing of (tensile) specimens with a defined load in presence of hydrogen.  

For example, the samples are charged ex-situ (before test) or in-situ (during test) with 
defined hydrogen concentrations. In general, hydrogen is generated from electrolyte 
solutions or gaseous hydrogen in autoclave high pressure (and temperature) atmosphere. 
Typically, these tests are carried out for evaluation of the material behavior under realistic 
service conditions. Table 2-11 presents a brief survey of possible evaluation methods with 
uni-axial tension. 
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Table 2-11: Evaluation methods for hydrogen-affected degradation / HAC 

Charging Execution Example Ref. 

Ex-situ  Tensile test with hydrogen charged 
specimen in air -- [177-180] 

In-situ 

 Continuous hydrogen charging and 
permanent straining till fracture due to 
constant extension rate 

SSRT3 
CERT4 

[181,182] (NACE) 
[183,184] (ISO) 

 Continuous hydrogen charging with: 
 Constant load 
 Alternating load 

 
CLT5 
LCF6 

 
[185,186] 
[187] 

 
As mentioned, two different hydrogen charging procedures are possible. Ex-situ charging 
means that specimens are hydrogen charged before the test is conducted [177-180]. In-situ 
charging means that specimens are continuously hydrogen charged under a certain load. 
For this purpose, slow strain rates can be applied for simulation of service conditions in 
power plants [180,198]. Especially the SSRT (slow strain rate test) technique is very 
common for investigation of hydrogen-assisted stress corrosion cracking - (HASCC) 
[181,182]. In accordance to uni-axial tensile load, 3- or 4-point bending tests equipment is 
also available [181,188,189]. 
 
The hydrogen effect on degradation of mechanical properties should be assessed critically 
due to the influence of certain experimental conditions. Table 2-12 shows a brief summary 
of possible boundary conditions and their effect on the test results. 
 
Table 2-12: Effect of experimental boundary conditions on degradation vs. hydrogen influence 

Factor Effect Ref. 

Charging 
medium 

 Increased loss of ductility due to increased HD absorbed 
from different electrolytes [179] 

 Gas-phase vs. electrolytic charging 
 Typically electrochemical charging results in higher HDs 

[190] 
[191] 
 

Temperature 
 Decreased ductility with increasing temperature: 

 Previously charged specimens and 
 Continuously charged specimens 

 
[180,192] 
[193] 

Load rate 

 Increase of degradation at lower strain rate (and in-situ 
charging) due to sufficient hydrogen diffusion to crack-tip [177,180] 

 Superposition of alternating strain rate (step rate loading, 
compressive-tensile stresses) [194] 

Specimen 
geometry 

(Smooth vs. 
notch) 

 Increased stress concentration at notch root (preferred 
diffusion to “crack-tip”, increase of degradation effect in 
terms of reduced ductility 

[195,196] 

 Position of notch (fine vs. coarse grain HAZ) influences test 
results even in uncharged condition [197] 

                                                           
3  SSRT - Slow strain rate test 
4  CERT - Constant extension rate tensile test 
5  CLT - Constant load test 
6  LCF - Low cycle fatigue test 
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A large number of boundary conditions has influence on certain level of hydrogen-assisted 
cracking or degradation [177,179-181,190-197]. An increasing degradation effect is mostly 
related to an increased HD [179]. In turn, the absorbed HD is depended on the used 
charging medium and temperature [180,192,193]. Additionally, the experimental results are 
influenced by the applied strain (or load) rate [177,180] during testing and the specimen 
geometry. Especially a circumferential notch increases the mechanical stresses in the notch 
root and alters the degradation in presence of hydrogen compared to smooth specimens 
[195-197]. Hence, the experimental boundary conditions have to be controlled and 
monitored carefully. 
 
 
2.4.6.5 Hydrogen Effect on Degradation in LA Steel Weld Microstructures 

This chapter presents the specific hydrogen effect on the degradation of particular weld 
microstructure. Table 2-13 shows a choice of available data from the mentioned references. 
The ultimate tensile strength “Rm” (UTS), yield strength “Rp0.2”, fracture strain “A” and the 
reduction of area “Z” are given in accordance to references [178-180,191,194]. In the cell 
“effect of hydrogen”, the first value indicates the hydrogen free condition and the second 
value represents the particular hydrogen-influenced mechanical property. The term “HD” 
represents a certain hydrogen concentration. 
 
Table 2-13: Degradation of mechanical properties of LA power plant steels (quenched and tempered 

condition) 

Material Micro-
structure 

Effect of hydrogen 
(mostly decrease of certain 

property) 

Charging 
parameters 

HD in 
ml/100 g 

Fe 
Ref. 

Cr-Mo 
(T22) 

Tempered 
bainite 

Rm: Decrease (635 MPa 
to 580 MPa), 

A: 24 % to 10 %, 
Z: 75 % to 15 % 

Aqueous 
solution of 

H2SO4 
~ 2.2 [194] 

Cr-Mo 
(13CrMo4-5/ 

A542) 

Tempered 
bainite and 

ferrite 

Rm and Rp0.2 unaffected, 
A: 27 % to 20 %, 
Z: 80 % to 45 % 

Aqueous sol. 
of 4 % H2SO4 
+ 12 mg/l As 

~ 1.8 [179] 

Cr-Mo 
(T22) N/A7 Rm and Rp0.2 unaffected, 

Distinct loss of ductility 
Pure H2 

(autoclave) ~ 2.2 [191] 

Cr-Mo-V 
(V-mod. T22) N/A 

Rm and Rp0.2 unaffected, 
A/Z: Minor effect 

(compared to Cr-Mo) 

Pure H2 
(autoclave) ~ 2.2 [191] 

Mn-Mo-Ni 
(20MnMoNi5-5) 

Tempered 
bainite 

Rm and Rp0.2 unaffected, 
A/Z: Minor effect (strain 

rate dependency) 

Boric acid 
(H3BO3) and 

KOH 
~ 2.2 [178] 

Mn-Mo-Ni 
(20MnMoNi5-5/ 

SA508B) 

Tempered 
upper 
bainite 

Rm: Slight hardening  
(590 to 600 MPa), 

A/Z: Nearly unaffected 

0.1 M H2SO4 + 
0.25 g/l As2O3 

~ 2.6 [180] 

Mn-Mo-Ni 
(20MnMoNi5-5/ 

A533B) 

Tempered 
bainite and 

ferrite 

Rm and Rp0.2 unaffected, 
A: 27 % to 20 %, 
Z: 80 % to 50 % 

Aqueous sol. 
of 4 % H2SO4 
+ 12 mg/l As 

~ 2.2 [179] 

                                                           
7  N/A - Not assigned in reference 
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The data in previous Table 2-13 were gathered from (mostly) electrochemically hydrogen 
charged specimens examined with comparable strain rates at room temperature. In 
addition, all reported steels are in quenched and tempered condition. Hence, the presented 
results can be directly contributed to particular influence of the used alloy composition 
(neglecting effects of boundary conditions described in Table 2-12). 
 
The last table suggests that bainitic LA Cr-Mo steel show remarkable sensitivity for 
hydrogen-affected degradation [198,199]. In case of Cr-Mo-V steels, degradation intensity 
decreases compared to those values of Cr-Mo steels at similar HD. As a result of the 
chemical composition, alloying of V increases the hydrogen solubility of a microstructure by 
hydrogen trapping (for example) at V-rich precipitates [191,198]. Hence, a higher HD is 
necessary to result in a comparable degradation effect if Cr-Mo-V is compared to Cr-Mo 
alloy concept. In contrast, Mn-Mo-Ni steels show minor degradation of ductility compared to 
Cr-Mo steels. This can be attributed to Ni-addition, which results in a better toughness of 
the material [178,179,180,194]. Nevertheless, both alloy compositions Cr-Mo (-V) and  
Mn-Mo-Ni show sufficient residual ductility at mentioned HD of approximately  
2 ml/100 g Fe. 
 
Compared to base materials, there is currently a lack of available data of hydrogen 
influence on mechanical properties of WM and in particular of HAZ microstructures. 
Available references mostly focus on mechanical properties without hydrogen influence. For 
example, the fracture toughness of HAZ microstructures was investigated in the past in 
case of Mn-Mo-Ni steel grades [98,197] or Ni-Mo-Cr steel [112] applied in RPV components 
but without consideration of the particular hydrogen effect on degradation of the mechanical 
properties. In case of Cr-Mo and Cr-Mo-V steel grades a similar situation can be 
ascertained [191,200]. 
 
Nevertheless, a number of studies were conducted for determination of hydrogen effect on 
the mechanical properties of weld microstructures. It has to be emphasized that these 
investigations on particular weld microstructures (HAZ) encompass mostly physical 
simulation of such microstructures. The simulation is typically conducted with inductive or 
Joule heating (for example with Gleeble® welding simulator). For correct simulation, time-
temperature cycles are measured, which result in the desired microstructure. 
 
Due to the limited disposability of hydrogen-affected mechanical data, it is appropriate to 
use additional data of high-strength steels like high-strength low-alloyed (HSLA) steels with 
bainitic or martensitic microstructure. For example, AISI grade 5135 (37Cr4 with typically 
0.37 % C, 1.05 % Cr and 0.70 % Mn) reaches UTS up to 1,200 MPa [201] or AISI 
(American Steel and Iron Institute) grade 4135 (34CrMo4) with approximately 1,400 MPa 
[195,202]. This is comparable to the martensitic CHAZ (approx. 1,300 MPa) and mostly 
bainitic FHAZ (approximately 1,000 MPa) of an LA Mn-Mo-Ni grade examined by  
Kim et al. in [98]. 
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Table 2-14 shows a brief survey of the hydrogen influence on degradation including  
a choice of martensitic steels for comparison. 

Table 2-14: Degradation of mechanical properties of weld microstructures (HAZ and WM) 

Material Micro-
structure Effect of hydrogen Charging 

parameters 

HD in 
ml/100 g 

Fe 
Ref. 

2.25Cr-1Mo  (Step-
cooled) 

Martensitic 
HAZ 

Distinct decrease of 
ductility/toughness 
(Increased DBTT) 

Pure H2 
(autoclave) 

2.0 [191] 

2.25Cr-1Mo-V 4.7 [203] 

2.25Cr-1Mo 
WM / step 

cooled 
WM 

Distinct decrease of 
ductility/toughness 
(Increased DBTT) 

Pure H2 
(autoclave) 2.0 [191] 

Cr-Mo-V 
(9%-CrT91) 

Notched 
specimens 

Tempered 
martensitic 

HAZ 

Rm: Decrease ( 
1,100 MPa to 750 MPa), 

Rp0.2: N/A8, 
Z: Decreases (40 % to 12 

%) 

1 M HCl + 
0.1 N 

NH2SO4 

(200 mA/cm² 
for 25 h) 

N/A [196] 

Cr-Mo-V 
(7CrMoVTiB1

0-10/T24) 
Notched 

specimens 

Tempered 
WM with 
columnar 

grains 

Rm: Decrease of notch root 
strength (1,000 MPa to 
550 MPa), 

Rp0.2: N/A, 
Z: Decrease (22 % to 12 %) 

1 M HCl + 
0.1 N 

NH2SO4 
(200 mA/cm² 

for 25 h) 

N/A [196] 

AISI 5135 
(37Cr4) 

Quenched 
and 

tempered 
martensite 

Rm: (1,200 MPa) and 
Rp0.2:unaffected, 

A/Z: Distinct decrease (values 
N/A) 

0.1 M H2SO4 
(100 mA/cm² 

for 24 h) 
2.3 [201] 

AISI 4135 
(34CrMo4) 

Quenched 
and 

tempered 
martensite 

Rm: Decrease (1,450 MPa to 
1,200 MPa), 

Rp0.2: N/A, 
Z: Distinct decrease of 

ductility (6 % to 1 %) 

3 % NaCl + 
0.3 % 

NH4SCN 
(30 mA(cm² 

for 72 h) 

1.1 [202] 

AISI 4135 
(34CrMo4) 

Quenched 
and 

tempered 
martensite 

Rm: 1,320 MPa (unaffected), 
Rp0.2: N/A, 
Z: Decrease (13 % to 8 %) 

0.1 M NaOH 
(14 mA/cm² 

for 48 h) 
1.3 [195] 

 
As shown in Table 2-14, one can conclude that ductility is definitely the most affected 
property in presence of hydrogen compared to UTS (Rm) or yield YS (Rp0.2). This behavior 
is independent from the used LA concept (Cr-Mo-V vs. Mn-Mo-Ni) and occurring 
microstructure (bainite or martensite). The untempered as-welded condition of a LA bainitic 
steel weld microstructure has great influence on the mechanical properties. Even in 
hydrogen free condition, the HAZ is regarded as microstructure with lowest toughness. In 
case of RPV steels, Kim and Yoon [197] reported the HAZ of multi-pass weld joints with the 
lowest toughness compared to BM and WM. In addition, martensitic microstructure shows 
remarkable degradation in presence of hydrogen. Unfortunately, there is a lack of available 
quantitative HD related to specific degradation intensity. 
 

                                                           
8  N/A - Not assigned in reference 
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For Cr-Mo alloyed steels, Pillot and Bourges [191] reported comparable behavior in terms of 
fracture toughness (Charpy impact properties) for BM and WM. The martensitic 
(untempered) HAZ is assumed as most susceptible microstructure for hydrogen-affected 
degradation [196]. Nevertheless, Cr-Mo-V steel grades show a lower susceptibility to 
hydrogen-affected degradation due to their generally increased hydrogen solubility 
compared to Cr-Mo alloyed steels [58,59,237]. 
 
Summarized, hydrogen has a detrimental effect (in particular) on the ductility. The 
degradation of tensile properties is intensified in very high-strength microstructures with 
increased hardness (typically above 350 HV) like un-tempered martensite in the HAZ. In 
accordance to [198,204], important conclusions are given below: 
 
 Hydrogen affects mechanical properties of bainitic LA steels and their weld 

microstructures. BM grades show similar resistance to hydrogen-assisted degradation, 
except Cr-Mo-V steels. They show the highest resistance to hydrogen-assisted 
degradation in terms of tolerable hydrogen concentrations.  

 The HAZ is regarded as most susceptible microstructure for degradation of 
mechanical properties. The sensitivity of degradation in presence of hydrogen is 
determined by microstructure in increasing order from bainitic to martensitic 
microstructure. In addition, a tempered condition has beneficial effect on decreasing 
the sensitivity. I.e., the hardness of a weld joint can be a useful indicator for possible 
degradation. 

 The degree of degradation sensitivity depends on the value and distribution of applied 
stresses (i.e., the load condition). In addition, stress concentrators like notches 
increase degradation at given HD. 

 Available data present degradation of mechanical properties but mostly compared to a 
representative charging “condition” without ranges and transient description of 
quantitative HDs. 

 Compared to BM, HAZ microstructures were even less in focus of academic research. 
One reason is the quite difficult simulation of reliable HAZ microstructures and 
determination of weld thermal cycles depending on plate thickness and applied 
welding procedure. 

 
A lack of data was identified (in particular) for the degradation of HAZ microstructures. 
Further investigations are necessary for qualitative ranking of HAC/degradation 
susceptibility and quantification of detrimental effect of HDs on mechanical properties for 
each weld microstructure. 
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2.4.7 Countermeasures for HAC Prevention 

Countermeasures for HAC prevention (especially delayed cracking) can be separated in 
procedures applied prior, during and after welding disregarding the chemical composition.  
 
Typical procedures prior to welding are in general sufficient cleaning of the weld edges in 
terms of removing greases which contain hydrocarbon compounds and avoidance of 
condensation water in case of high air humidity (as shown in Table 2-7 on page 29). 
Furthermore, the most important factors are highly trained and experienced human staff 
and well maintained equipment. It has to be emphasized that basics are forgotten very 
often as considerable hydrogen sources like wetted covered electrodes or tube batches 
with leakages of the torch cooling system! 
 
Nevertheless, the procedures during welding are important as well. In accordance to EN 
1011-2 [101] Cr-Mo LA steels should be welded with defined minimum preheat and/or 
interpass temperature to avoid HAC. For limitation of diffusible hydrogen content in the WM 
it is recommended to apply a minimum preheat and interpass temperature of 75°C to 200°C 
in case of 2.25Cr-1Mo steel grades. Additionally, the maximum interpass temperature 
should be limited to 350°C. If welding creep-resistant Cr-Mo-V steel grade T24, the 
necessary preheat temperatures are dictated by the WM instead of the common approach 
with the HAZ due to the increased HAC susceptibility of the WM itself [205]. Nevertheless, a 
preheat temperature from 150°C to 180°C is recommended. 
 
Typical procedures after welding are the so-called “soaking” or dehydrogenation heat 
treatment (DHT). This can be done directly after welding or during the necessary PWHT at 
elevated temperatures. The aim of the DHT is the reduction of possible absorbed hydrogen 
during welding to values below a critical concentration in terms of (delayed) HAC. In 
addition, the DHT uses the increase of diffusion velocity with increasing temperature 
resulting the necessary heating time. Hence, the most important factors for a successful 
DHT are the used temperature and holding time. These are influenced by the weld joint 
geometry (lap joint vs. butt joint). Especially the weld seam and plate thickness define the 
maximum diffusion path length for hydrogen [101,205,206]. 
 
Additionally to a DHT at “lower” temperatures, a stress relief heat treatment as PWHT 
procedure decreases the HAC susceptibility [207] as reported for nuclear power plant RPV 
components. In this case, DHT is “included” in the entire PWHT process. For Cr-Mo-V steel 
grades typically 350°C for 4 h is recommended as DHT procedure [208]. In addition, the 
use of low hydrogen containing electrodes is recommended with hydrogen content  
≤ 3ml per 100 g deposited WM [205]. In general, DHT should be applied if SAW weld joints 
are necessary [100,101,103,208]. 
 
For an improved estimation of necessary temperatures and holding times numerical 
analysis can be a practicable tool [205,208]. For example, Mente et al. [209] concluded that 
even in components with low wall thickness a DHT should be applied due to the very low 
diffusion velocity of hydrogen and, hence, very slow degassing of hydrogen out of the weld. 
Additionally, the weld joint geometry is important in terms of faster effusion in butt welds 
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compared to fillet welds. Figure 2-18 exemplifies the calculated hydrogen distribution for 
two weld joint geometries for HSLA steels with yield strength above 690 MPa. 
 

 
Figure 2-18: DHT for different weld joint geometries for plate thickness of 12 mm [209]: (a) Hydrogen 

removal heat treat diagram, (b) Fillet weld (FW), (c) Butt weld (BW) 
 
A DHT reduces the initial HD (100 %) to 60 % at 150°C or to approximately 20 % at 250°C 
if the weld joint (FW) is held for 120 minutes. In addition, the influence of the weld joint 
geometry (FW vs. BW) decreases with increasing DHT temperature. Hence, such heat 
treatment removal diagrams are a useful tool to estimate the effect of DHT procedures.  
 
According to Alexandrov [210], the reliability of numerical modeling strongly depends on the 
correct plotting of the temperature dependency of diffusion coefficients. For a reliable 
assessment of hydrogen diffusion, it is necessary to determine realistic hydrogen diffusion 
coefficients. Additionally, the calculation method influence and specific influence of the 
microstructure on hydrogen diffusion and solubility have to be considered. This is shown in 
the next chapter. 
 
 
2.4.8 Hydrogen Diffusion, Trapping and Effusion 

2.4.8.1 Mathematical Description of Diffusion 

In 1855, Adolph Fick postulated basic mathematical functions for relation between the 
changing particle number density (C), the concentration, and corresponding flux (j) of  
a diffusing species in direction of an incremental length x (1D) or x, y and z (3D case). 
 
Fick’s first law describes the relation between flux “j” and corresponding hydrogen 
concentration gradient in the specimen. Equation 2-7 shows Fick’s first law for general  
3-dimensional (3D) steady-state diffusion. Equation 2-8 shows the specific 1-dimensional 
(1D) diffusion. 
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	j = - D C = - D	*
∂C
∂x

+
∂C
∂y

+
∂C
∂z

 Equation 2-7: Fick’s 1st law (3-dimensional) 

								jX	= -	D*	
∂C
∂x

 Equation 2-8:  Fick’s 1st law (1-dimensional) 

 
Fick’s first law allows calculation of diffusion process for a constant concentration gradient 
in the specimen. In addition, the concentration gradient points in direction of the strongest 
change of the concentration. However, the most diffusion processes encompass changing 
concentration gradients, i.e. non-steady diffusion. 
 
Fick’s second law describes non-steady diffusion with discrete time dependency “t” of the 
diffusion process. This is achieved by the combination of Fick’s first law and the continuity 
equation. Equation 2-9 shows the general diffusion equation for the 3D case. Equation 2-10 
shows the explicit case for 1D non-steady state diffusion in x-direction. 
 

∂C
∂t
	= D 2C	*	

∂2C
∂x2 +

∂2C
∂y2 +

∂2C
∂z2  Equation 2-9: Fick’s 2nd law (3-dimensional) 

												
∂C
∂t

= D	*	
∂2C
∂x2  Equation 2-10: Fick’s 2nd law (1-dimensional) 

 
As indicated in the previous equations, “D” is the diffusion coefficient and represents the 
determining factor of the velocity of diffusing species. Additionally, the diffusion coefficient 
does not depend on a certain present (hydrogen) concentration in a sample. 
 
The hydrogen diffusion can be described in different manners which differ in the detailed 
description of the basic diffusion process. For example, the diffusion process can be 
described by atomistic theory including single atom transposition mechanisms [130]. The 
most common method for describing the diffusion process is the application of equations 
describing a diffusing species mass transport (flux) through a carrier medium like the Fick’s 
laws [211,212]. 
 
 
2.4.8.2 Temperature Dependency of Diffusion 

The diffusion is an undirected random movement of particles described by an averaged 
energy value (thermal energy). Hence, diffusion has a strong temperature dependency 
[130,211]. This basic relation is described by Equation 2-11. 
 

D T 	= D0	* e
- EA
R*T Equation 2-11: Diffusion temperature dependency 

 
Where, “D(T)” is the temperature dependent diffusion coefficient in mm²/s. “D0” is a material 
dependent diffusion constant in mm²/s. “EA” is the activation energy for hydrogen diffusion 



2.4 Hydrogen in Weld Microstructures 

47 

in kJ/mol and “R” is the universal gas constant (in accordance to the current NIST9 
definition: 8.31 J/mol*K) [213] and “T” is the absolute temperature in K. Additionally,  
Equation 2-12 represents the Boltzmann factor which determines the probability of a 
hydrogen particle for transposition to another lattice site by exceeding the activation energy 
“EA”. 

 

e	-	
EA
R*T Equation 2-12: Boltzmann factor 

 
The parameters “EA” and “D0” are determined by the Arrhenius relation between the 
absolute temperature “T” in K and the calculated hydrogen diffusion coefficient “D”. The 
corresponding method to obtain an Arrhenius plot is shown in Figure 2-19. 
 

 
Figure 2-19: Arrhenius relationship of diffusion vs. inverse temperature 
 
For calculation of the temperature dependency, diffusion coefficients are plotted in 
logarithmic scale against inverse absolute temperature. In addition, the Arrhenius 
relationship is characterized as Euler’s function representing a regression function of single 
data points. By plotting these data on logarithmic scale it is possible to get an equivalent 
linear function (Equation 2-13). 
 

y	= -	m	* x + n Equation 2-13: Linear function (Arrhenius plot) 
 
From this function, the diffusion constant (Equation 2-14) and activation energy (Equation 
2-15) can be derived by calculation or graphical solution. 
 

D0	= y Equation 2-14: Diffusion constant  in mm²/s 

EA	= -	m * R Equation 2-15: Activation energy for diffusion in kJ/mol 

 
Both, “D0” and “EA” represent characteristic values for particular temperature range and 
material dependent condition [130,212]. For identical experimental conditions, increased 
values of both “D0” and “EA” characterize increased amount of obstacles for hydrogen 
movement. These obstacles are so-called hydrogen traps. The hydrogen trapping process 
in a material is explained in the next chapter.  

                                                           
9 NIST - National Institut of Standards and Technology 
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2.4.8.3 Effect of Hydrogen Trapping on Diffusion 

The real diffusion process in a solid (metallic) metal differs from the idealized mathematical 
description due to retained diffusion by catching of the hydrogen in so-called traps. 
Additionally, these traps increase the solubility of hydrogen in the investigated material. 
Hence, a closer view to the nature of hydrogen traps is necessary. Examples and 
assumptions for classification of hydrogen traps are given in [214-216].  
 
Examples for hydrogen trap sites 
Hydrogen can be trapped in numerous kinds of traps. In contrast to an idealized trap “free” 
crystal lattice, hydrogen traps represent lattice defects. Table 2-15 gives a brief survey of 
possible hydrogen traps according to their orientation in the lattice 

 
Table 2-15: Examples for hydrogen traps [214,222] 

Orientation in crystal lattice Example 
0-dimensionsal (punctual) Voids, substitution atoms 

1-dimensional (linear) Dislocations 
2-dimensional (planar) Phase interfaces, grain boundaries, twin boundaries 

3-dimensional (volume trap) Inclusions, precipitates, micro-cracks, pores) 
 
Classification of traps 
Hydrogen traps can be classified into different units by using the so-called binding energy / 
activation energy. They are characterized by the necessary energy amount for releasing 
hydrogen from a certain trap. 
 
According to Pressouryre [214] and Bernstein [215] hydrogen traps can be classified into 
three branches: 

 Traps with negligible effect during hydrogen diffusion, 
 Reversible traps, which are characterized by their part-time trapping and by a binding 

energy of ≤ 30 kJ/mol. These have the largest effect in terms of delayed hydrogen 
diffusion in both: non-steady and steady-state diffusion and 

 Irreversible traps, which trap hydrogen permanently characterized by the binding 
energy > 50 kJ/mol. They have a major effect on the non-steady diffusion. After 
saturation of these traps, they play a minor role in the diffusion process. 

A more detailed separation of traps was made by Hirth [216] including different kind of 
precipitates or atom-hydrogen interdependencies. In general, Hirth made a difference 
between the ranges of trap binding energies. A range of 0 ≤ EA ≤ 30 kJ/mol is classified as 
weak (reversible) trap. Strong (irreversible) traps have a binding energy > 65 kJ/mol.  
The intermediate range exists between weak and strong traps. 
 
In accordance to binding energy, Pressouyre [214] divides the hydrogen traps further by 
their nature of the trapping process in: 
 
 Attractive traps, they are characterized by the effect of an attracting force like 

mechanical force, electro-magnetic fields or strong temperature or chemical gradients. 
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Hydrogen is forced into the direction of the trap and accumulates in the center of the 
trap, 

 Physical traps. In this case, trap behavior is characterized by modifications in the ideal 
crystal lattice such as grain boundaries, voids or incoherent precipitate-matrix 
interface. It is characterized by the remaining of the hydrogen at this (trap) position. 
The reason is the decreased energy at this a trap position and 

 Mixed traps show a combination of both previous mentioned types. In accordance to 
Pressouyre [214], this is the most common case in real microstructures due to the 
coexistence of both trap kinds at the same time. For example, an edge dislocation has 
attractive character due to the mechanical force induced by the surrounding stress 
field; the physical character is due the distortion of the lattice. 

 
For 1D diffusion, the McNabb-Foster model can be used to describe the mentioned trapping 
effects. This model includes trapping (charging) and detrapping (release of the hydrogen) 
effects [217]. The background of this model is that an ideal crystal lattice assumed with a 
defined lattice diffusion coefficient. Occurring discrepancies in calculated hydrogen diffusion 
coefficients from experimental data may result from traps in the lattice. Hence, a 
comparison of the lattice and experimental diffusion coefficient allows the calculation of 
virtual amount of traps and their density in the lattice. However, it has to be mentioned that 
this model involves many parameters. For example, it is applied for simulation of diffusion 
processes encompassing trapping effects or to predict the amount, density and binding 
energy of single point defects acting as hydrogen traps [218,219]. 
 
 
2.4.8.4 Effusion/Desorption of Absorbed Bulk Hydrogen 

The hydrogen effusion is the inverse process of hydrogen absorption. At solid metal and 
electrolyte interface, atomic hydrogen is adsorbed at the metal surface. Subsequently, the 
hydrogen atom donates its electron to the metal lattice and the occurring ion (proton) 
desorbs to the electrolyte. Hence, this reaction can be defined as inverse absorption 
mechanism as shown in Equation 2-16. 
 

HAb → 	HAd
+  + e- Equation 2-16: Hydrogen desorption 

 
In addition, the hydrogen atoms can recombine in accordance to the inverse Volmer 
mechanism (Equation 2-1 for acids and Equation 2-2 for alkaline). Additionally, hydrogen 
atoms can recombine in accordance the Tafel (Equation 2-3) or Heyrovsky mechanism 
(Equation 2-4 for acids and Equation 2-5 for alkalines). In these cases, hydrogen desorbs in 
gaseous form into the electrolyte. 
 
In the case of metal/gas interface, hydrogen atom desorbs and recombines to molecular 
gas. Subsequently, they form a mixture with the surrounding gaseous environment. An 
example is the inevitable leakage of high pressure hydrogen storage tanks due to hydrogen 
permeation through the vessel wall [220,221]. 



2 State of the Art  

50  BAM-Dissertationsreihe 

2.4.9 Hydrogen Diffusion, Trapping and Solubility in LA Steel Weld 
Microstructures 

2.4.9.1 Influence of Chemical Composition and Microstructure 

The diffusion, certain hydrogen trapping and solubility are related to each other. Hydrogen 
traps increase the solubility of a given material compared to the ideal crystal lattice  
[222-224,226,232]. Depending on the character of traps (reversible or irreversible), the 
diffusion changes as well. Hence, these three factors have to be discussed together. They 
are abbreviated in the next sections with HSAT - Hydrogen diffusion, Solubility And 
Trapping. 
 
General influence of chemical composition on HSAT 
In general, chemical (alloying) elements may have an influence on hydrogen diffusion. In 
case of substitution atoms (replacing iron in the matrix), these alloying elements are 
hydrogen sinks or “traps”. Compared to pure iron, alloying elements such as Cr and Mo 
decrease the hydrogen diffusion by trapping. Figure 2-20 shows the general influence of 
chemical elements in binary alloys in accordance to Grabke et al. [222,223]. 
 

 
Figure 2-20: Influence of selected alloy elements on diffusion [222,223] 
 
As shown in Figure 2-20 distinct alloying of Cr or Ni decreases the hydrogen diffusion 
coefficients by several magnitudes whereas Cu has only small effect. Grabke et al. 
[222,223] explained decreased hydrogen diffusion in metal lattice due to the presence of 
solute atoms like C, Cr or Mo, which replace the Fe-atoms in the lattice and trap hydrogen 
(reversibly) due to higher energetic bonding of solute atom-hydrogen interfaces. Koenig and 
Lange [224] showed that Ni and Mn have strongest influence in terms of substitution atoms 
in the lattice. Nevertheless, these elements represent the “weakest” kind of hydrogen traps 
due to their relatively low activation energy for hydrogen release of approximately from  
6 kJ/mol to 7 kJ/mol, which is close to pure iron with 4.14 kJ/mol [222,223]. Nevertheless, 
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the microstructure (grain boundaries, phase, and precipitates) itself has major influence on 
hydrogen diffusion as given below. 
 
Microstructure influence on diffusion on HSAT 
A distinct difference in the diffusion is between fcc and bcc materials. In terms of the bcc 
steel microstructures like ferritic, bainitic, pearlitic and martensitic microstructure (or α-iron) 
[225] show a certain increase of hydrogen diffusion accompanied by decreased solubility 
compared to the austenitic steels with an fcc matrix (γ-iron) [226]. Additionally, fine 
dispersed Mo2C carbides (example for precipitates) have influence on the diffusion in terms 
of decreasing compared to pure iron [227]. 
 
Nevertheless, bcc microstructures show differences between each other, too. In terms of 
diffusion, a wide scatter of available diffusion data was observed with decreasing 
temperature, as shown in Figure 2-21 for typical LA constructional steels [228,229]. 
 

 
Figure 2-21: Scatterband of hydrogen diffusion coefficients for LA steels in accordance to [228] 
 
The mentioned scatterband by Böllinghaus et al. [228,229] includes a comprehensive study 
of available literature data for bcc microstructures like ferrite, pearlite and martensite. It is 
obvious that the microstructure has a certain influence on the hydrogen diffusion.  
In general, the microstructure influence increases with decreasing temperature. It is obvious 
that an ambient temperature of 25°C results in a high scatter of nearly two orders in terms 
of reported hydrogen diffusion coefficients. 
 
Manalatos et al. [230] reported that martensite shows decreased diffusion compared to 
bainitic microstructure due to increased trapping behavior. In contrast, Perez-Escobar et al. 
[231] conducted thermal desorption analysis (TDA) of different high strength steels. They 
found the activation energy to be within the same range of 35-38 kJ/mol. This indicates a 
similar trapping behavior of ferritic-bainitic, bainitic-ferritic-austenitic (retained austenite) and 
ferritic-martensitic microstructure. This clearly demonstrates which complex phenomena are 
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related to hydrogen trapping. But it has to be emphasized that the wide range of diffusion 
coefficients (of several magnitudes) can be also related to the determination and calculation 
method of hydrogen diffusion coefficients [232]. In particular at lower temperatures, 
experimental conditions have a considerable influence on diffusion [233-236]. This can be 
seen in-depth in chapter 2.5 (Determination of Hydrogen Diffusion Coefficients). 
 
 
2.4.9.2 Influence of Alloying Concept and Welding Process 

Cr-Mo-V steel: Influence of chemical composition and precipitates on HSAT 
As mentioned, hydrogen diffusion is influenced by different chemical compositions in case 
of Cr-Mo and Cr-Mo-V steels and especially the occurring carbides (precipitates). For 
example, addition of alloying elements like Ti, V or B decreases hydrogen diffusion 
compared to conventional Cr-Mo steel grades as shown in Figure 2-22. The data are in 
accordance to [58,237,238]. 
 

 
Figure 2-22: Scatterband for hydrogen diffusion in Cr-Mo and Cr-Mo-V steel grades [58,237,238] 
 
A typical range of hydrogen diffusion coefficients at 25°C is 10-4 mm²/s for Cr-Mo steels 
[58,59] and from 10-6 to 10-5 mm²/s for Cr-Mo-V steels [58]. As shown in Figure 2-22, 
alloying of V decreases hydrogen diffusion nearly independent of the temperature range 
[59,238]. The reason is the appearance of the fine dispersed (and nano-sized)  
V-precipitates in the microstructure acting as hydrogen traps. This effect was directly 
confirmed by the work of Takahashi et al. [239] for Cr-Mo-V steels. Additionally, advanced 
Cr-Mo-V steels like T24 are alloyed with Ti. Also Ti as substitution atom in the lattice or as 
carbide acts as hydrogen trap. This was directly confirmed by atom probe tomography 
[240]. In both cases (V and Ti) the atomic hydrogen (deuterium isotopes) was trapped at 
nanosized Ti-carbides or V carbides with the composition V4C3. Nevertheless,  
2.25%Cr-1%Mo alloyed steel shows comparable diffusion coefficients (in the range of  
10-6 mm²/s) compared to the values of Cr-Mo-V steels reported in [241]. In addition, this 
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similarity in terms of the diffusion in both LA concepts for creep-resistant steels is in 
accordance to the scatterbands given in [228,229]. 
 
The inconsistency of the influence of chemical composition (for example V as alloying 
element) demonstrates that the determination of hydrogen diffusion coefficients itself (like 
permeation method) should be considered. Experimental boundary conditions have great 
impact on determination of a certain hydrogen diffusion coefficient, in particular during 
permeation experiments (see Table 2-17 on page 63). 
 
Nagao et al. [242] showed that in 9 %-Cr alloyed martensitic steel nano-sized precipitates 
with the composition (Ti, Mo)C provide a high density hydrogen trap in the material. The 
results were determined with TDA and showed that peak temperature for hydrogen effusion 
increases from 120°C to 190°C in terms of Ti-addition to Cr-Mo steels. In case of isothermal 
holding at elevated temperatures, Coudreuse and Bocquet [58] reported a maximum 
temperature of 300°C for remarkable trapping effects in case of Cr-Mo-V steel compared to 
weaker trapping in conventional Cr-Mo steel grade. This explains the determined 
differences in apparent hydrogen diffusion coefficients of LA Cr-Mo and Cr-Mo-V steel 
grades. 
 
The majority of hydrogen amounts in Cr-Mo and Cr-Mo-V steels was suggested to be 
trapped reversible [243] as well as irreversible [58]. This emphasizes that there is no 
consistent opinion of the dominating hydrogen trap (especially at room temperature),  
i.e. the influence on the diffusion process. 
 
Typically achieved HDs are 3 ppm in Cr-Mo (approximately3.3 ml/100 g Fe) and 5 ppm in 
Cr-Mo-V (approx. 5.5 ml/100 g Fe) [58,243]. In addition, TEM investigations showed a 
remarkable higher dislocation density for Cr-Mo-V steel grades. This increasing dislocation 
density could be also responsible for increased hydrogen solubility. 
 
In general, increased hydrogen trapping characterizes increased hydrogen solubility in  
Cr-Mo and Cr-Mo-V steels [237-243]. The addition of 0.25 % V to conventional  
LA 2.25%Cr-1%Mo steel grades increases the hydrogen solubility by nearly factor two 
[58,243]. In the mentioned references, it was emphasized that it is difficult to distinguish 
between carbides or dislocations and which is the most effective hydrogen trap or if  
it is a combination of both. 
 
Mn-Mo-Ni steel: Influence of chemical composition and precipitates on HSAT 
A similar behavior of hydrogen diffusion and solubility can be identified for the Mn-Mo-Ni 
grades compared to Cr-Mo steels without the addition of V. The reasons are the limited 
amount of alloying elements (low-alloyed concept) and the bainitic microstructure, in 
accordance to [46,47]. 
 
A typical range of hydrogen diffusion coefficients of Mn-Mo-Ni BM grades is about  
10-4 mm²/s [244-246]. Typical HDs in these grades are between 1.6 ml/100 g Fe to  
3.2 ml/100 g Fe (reversibly trapped hydrogen). These hydrogen concentrations represent 
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typical achieved hydrogen concentrations in reactor environments at operating temperature 
[244-246]. Nevertheless, they represent a considerable level of hydrogen for cold cracking 
due to the decreasing solubility with decreasing temperature. 
 
Influence of thermal cycle and changed microstructure on HSAT of weld microstructures of 
LA bainitic steels 
As already mentioned for the mechanical properties, there is a lack of hydrogen diffusion 
data of particular weld microstructures (HAZ, WM) of LA bainitic steels. This is independent 
of either applied alloying concept Mn-Mn-Ni or Cr-Mo-V. A reason is might be the 
complexity of possible hydrogen traps expressed by numerous carbides (Table 2-15). 
Certain studies were published in terms of weld heat input effects on carbides and their 
effect on hydrogen diffusion in LA steels. Figure 2-23 shows a typical scatterband shown by 
Pressouyre et al. [246] for grade SA508 Cl.3 (20MnMoNi5-5 in accordance to the German 
DIN standard). 
 

 
Figure 2-23: Scatterband for hydrogen diffusion in Mn-Mo-Ni steel grades [246] 
 
From Figure 2-23, it can be ascertained that the BM (indicated by green line in diagram) 
shows increased hydrogen diffusion compared to the HAZ (indicated by the blue line).  
For example, the diffusion at 100°C is nearly one magnitude higher for the BM  
(2*10-3 mm²/s compared to 3*10-4 mm²/s). The authors of [246] claim changing carbides 
and their distribution and the occurring microstructure as main reasons for decreased HAZ 
diffusion coefficients. These differences disappear with increasing temperature. The reason 
is the generally increasing thermal energy of atoms with increasing temperature. In other 
words, the “lower” temperature range (typically < 200°C) is the area of interest in terms of 
hydrogen trapping. For this reason, a closer look on microstructure changes in HAZ and 
WM is necessary. Table 2-16 summarizes weld heat input effects on the hydrogen diffusion, 
trapping and solubility for selected weld joint microstructures. Table 2-16 mainly presents 
available values for a temperature of approximately 25°C (and electrochemically charged 
specimens). At this relatively low temperature, the microstructure influence (i.e. the 
trapping) is the driving force for the hindering of the diffusion process, i.e. trapping. 
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Table 2-16: Influence of weld microstructure on HSAT (bcc-microstructures: F - ferrite, P - pearlite, 
B - bainite, M - martensite) 

Material Microstructure Effect on HSAT Charging 
parameters Ref. 

Fine-grained 
2.25Cr-1Mo 

steel in 
different 
cooling 

conditions 

 BM1: Pure M  
 BM2: Pure B  
 BM3: F/B 
(Indicator for the HAZ) 

 Decreasing flux and 
diffusion in order 
F/B, B, M 

 Increasing solubility 
in same order 0.5 M H2SO4 

+ 200 ppm 
As2O3 at 0.05 

mA/cm² 

[247]  BM4: Tempered B 
 BM5: Tempered B with 

increased tempering 
time 

 BM6: Tempered B with 
increased temper time 

 Flux constant 
 Increase of diffusion 

and decreasing 
solubility with 
tempering time and 
temperature 

Thermally 
simulated HAZ 
of Mn-Mo-Ni 
RPV grade 

 BM: Tempered B/F 
 HAZ: As-quenched M 

 Highest diffusion 
and flux in B/F 

 Distinct trapping in 
both (B/F and M) 
below 200°C 

Autoclave 
pure H2 
charging 

[246] 

SAW welded 
thermo-

mechanical 
rolled HSLA 

steel 

 BM: F/P 
 HAZ: B 
 WM: Acicular F at 

coarse F grains 

 Highest diffusion in 
F/P 

 Distinct reduction of 
hydrogen flux in B 

0.1 M NaOH 
+ 1g/l Na2S 

at 20 mA/cm² 
[248] 

SAW welded 
X80 pipeline 

steel 

 BM: F/P/B 
 FHAZ: Fine F/B 
 CHAZ: Coarse F/B 
 WM: Acicular F at 

coarse F grains 

 Decreasing diffusion 
in order BM, HAZ 
and WM 

1 % NaCl 
with 5 ml/l 
acetic acid 

and 1gl Na2S 
at 10 mA/cm² 

[249] 

 
Martensite is the microstructure with highest solubility accompanied by lowest diffusion 
except ferritic WM with acicular ferrite. Hence, this microstructure should be a limiting factor 
in terms of delayed HAC due to reduced diffusion [243,244,247,249]. A mixture of bainite 
and ferrite has beneficial effects on the hydrogen diffusion and permeating flux but is limited 
in terms of solubility [243,247,248] especially in Cr-Mo grades [247]. Similar behavior can 
be found in the HAZ of RPV grades [246]. The presented charging parameters in  
Table 2-16 indicate the wide range of possible charging procedures. Hence, experimental 
conditions should be considered if comparing hydrogen diffusion of different materials or 
heat treatment conditions. 
 
Nevertheless, HAZ and WM show a changed HSAT compared to the unaffected Cr-Mo (-V) 
BM. This is similar for Mn-Mo-Ni RPV steel grades. For example, Mo-rich carbides with M2C 
type can be found also found in Mn-Mo-Ni BM grades in initial quenched and tempered 
condition [8,9,46]. Hence, the thermal cycle of welding mostly changes the occurring 
carbide types and phase (martensite, ferrite, bainite) in the HAZ resulting in changed 
hydrogen diffusion. In case of HAZ of Mn-Mo-Ni grades, Pressouyre et al. [246] assume 
that decreased diffusion in the HAZ is due to “fine and more numerous carbides”. 
Unfortunately, detailed microstructure studies were not provided in order to verify this 
assumption. In case of Cr-Mo-V grades, fine nano-sized VC particles dissolute during 



2 State of the Art  

56  BAM-Dissertationsreihe 

welding of Cr-Mo-V steel in the WM and in the HAZ and re-precipitate with a changed 
chemical composition [68]. Especially with increasing alloying content, the forming 
precipitates (carbides), chemical composition and their distribution have major effect on 
HSAT, while dislocations are assumed to have minor effect on diffusion [242,250]. 
 
The grain size (in terms of coarse and fine grain HAZ) is assumed to have a particular effect 
on the diffusion process [229]. Grain boundaries are regarded as diffusion delaying 
obstacles, i.e. reversible hydrogen traps [214,215] and diffusion enhancing factor in the 
case of Ni [251]. Liu et al. [252] pointed out for LA martensitic steels with different 
austenizing temperature that grain boundaries (i.e. grain size) cannot be separated as trap 
if other effects appear at same time like dissolving (VC or NbC) precipitates. This can be 
also expressed in terms of the tempering effects resulting in a changed carbide structure as 
shown in the next paragraph. 
 
Effect of tempering (PWHT) on HSAT 
An additional tempering has beneficial effects on diffusion in Cr-Mo steels (Table 2-16). 
This can be transferred to weld joints in terms of PWHT or annealing effects during multi-
layer welding. Parvathavarthini et al. [247] related the temper influence on diffusion to some 
effects: (1) the annihilation of lattice defects, (2) the formation of ferrite and  
(3) decrease in solute atoms like Cr and Mo due to dissolution of fine carbides (M=metal) 
with M3C or M2C type and the subsequent formation of meta-stable coarse carbides M7C 
and M23C6. The mentioned points (1) to (3) result in a decrease of the total number and 
distribution of reversible hydrogen traps. Hence, diffusion coefficients increase and the 
solubility decreases. Supporting observations were made by Wei and Tsuzaki [253] for 
0.2% carbon alloyed martensitic LA steels. They concluded that increasing tempering 
temperature results in a decreased hydrogen trapping capacity. Unfortunately, data about 
hydrogen diffusion was not included in the reference. Nevertheless, the HD was the highest 
in as-quenched condition indicating influence of the missing tempering. 
 
 
2.4.9.3 Summary of effects on HSAT 

Hydrogen diffusion and solubility are directly connected via trapping phenomena. In 
general, increased hydrogen solubility is characterized by decreased diffusion due to 
increasing trapping effects. This can be seen in the very simple cases of solute atoms (like 
Cr or C) in pure iron or binary alloys [222-224]. In case of LA (creep-resistant) steel weld 
microstructures, hydrogen solubility and diffusion is influenced by numerous factors. The 
most important are summarized in the next paragraphs: 
 
 The HAZ and WM microstructure of LA (creep-resistant) steels always show changed 

HSAT behavior compared to the BM. The welding process influences the occurring 
microstructure in terms of the phase composition (bainite vs. martensite) and the 
occurring precipitates/carbides [68] or grain size [214,215]. In addition, the apparent 
hydrogen solubility and diffusion are influenced by the changing trap kinetics  
[241-243,250]. In general, the solubility of the WM and the HAZ is increased and the 
diffusion is decreased compared to the BM. 
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 In the as-welded condition, the diffusion can decrease due to a partly dissolution of 
carbides. In this case, the overall number of traps (in terms of solute atoms) increases. 
But this effect is reversible. A tempering can have beneficial effects on the hydrogen 
diffusion [247,253]. 

 HSAT is temperature dependent. In case of Cr-Mo-V steels trapping effects have to be 
considered up to 300°C. Differences are found in the lower temperature range 
(especially near ambient temperature). Most favorable traps are precipitates 
(carbides), grain boundaries and their interfaces [214,215,229]. 

 It is difficult to distinguish between major trap sites in LA steels. Especially, the 
complex precipitates in creep-resistant steels [75,77,78] complicate the exact 
definition of a certain hydrogen trap [252]. 

 Apparent hydrogen diffusion coefficients encompass trapping and experimental 
boundary conditions effects such as the charging conditions in accordance to  
[246-249]. These conditions (Table 2-16) have to be considered and need further 
investigation. 

 
 
2.5 Determination of Hydrogen Diffusion Coefficients 
2.5.1 Electrochemical Permeation Experiments 

The permeation experiment is a standardized experimental procedure for the 
characterization of material influenced hydrogen diffusion characteristics. In this case, a 
defined directional penetration of the material is obtained with the diffusing species. By 
application of permeation experiments diffusion characteristics can be determined and 
corresponding HDs can be analytically calculated or measured with experimental 
procedures (see Table 2-21 on page 73). 
 
For determination of hydrogen diffusion characteristics at (or near room) temperature the 
electrochemical method in accordance to Devanathan and Stachurski [254] is well 
established. In general, permeation experiments can be conducted with a wide choice of 
experimental conditions. For example, the permeation experiment procedure is defined in 
ISO 17081 [255]. The basic principle is an electrochemical double cell. Both cells are 
separated by a membrane which acts as specimen (machined from the material which has 
to be investigated). The double cell consists of a hydrogen generating cathodic part and 
hydrogen oxidizing anodic part. 
 
2.5.1.1 Execution of Permeation Experiments 

In general, the hydrogen generation and in-situ detection process can be divided into four 
sub-steps (I) to (IV): 
 
(I) In the hydrogen generation cell, hydrogen is produced by electrochemical reaction 

from aqueous alkaline or acidic solutions (or by high pressure gas-phase charging), 
(II) Subsequently, hydrogen is adsorbed at the sample surface and absorbed in the bulk 

material of the membrane, 
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(III) After absorption, hydrogen diffuses through the membrane. As a result, a certain 
concentration gradient forms in direction of the sample thickness and 

(IV) After diffusion through the sample, hydrogen effuses/desorbs into the second 
(detection) cell with a defined time delay. In this cell, the effusing hydrogen is oxidized 
in 0.1 M NaOH solution. The occurring oxidization current is logged and used for later 
calculations. In addition, the effusing hydrogen can be determined by alternative 
detection techniques, (see chapter 2.6: Hydrogen Detection and Measurement in 
Steels). 

 
In the next paragraph, the execution of permeation experiments is described in case of the 
(mostly) applied electrochemical charging. In accordance to step (I), hydrogen is generated 
from electrolyte solution with acidic or alkaline character. Two different electrochemical 
methods can be applied [256]: 
 
 Galvanostatic charging (constant charging current density) 
 Potentiostatic charging (constant potential/voltage during charging) 
 
In accordance to step (IV), the effusing hydrogen is oxidized under potentiostatic condition 
in the mentioned 0.1 M NaOH aqueous solution [255]. It is assumed that desorbing 
hydrogen is fully oxidized by hydroxide ions (OH-) in the NaOH solution. Hence, HD at exit 
side of the sample is presumed as “zero”. In accordance to steps (III) and (IV), the occurring 
hydrogen oxidization current is measured and recorded. As a result, a time-dependent HD 
profile develops in the permeation specimens due to the one-directional hydrogen charging. 
The principal build-up of this profile is shown in Figure 2-24-a. Part (b) shows the 
corresponding build-up transient of permeating hydrogen in accordance to [257,258]. 
 

 

Figure 2-24: Idealized permeation data [257,258]: (a) Evolution of sub-surface hydrogen 
concentration HD, (b) Corresponding hydrogen flux vs. time 

 
In Figure 2-24, “HD” describes the occurring hydrogen concentration, “HDeff” represents the 
effective HD in front the specimen/electrolyte diffusion boundary layer. The term “HDss” 

b) a) 
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describes the incremental sub-surface HD beneath the sample surface. With elapsed time 
“t∞” a linear concentration profile develops as shown in Figure 2-24-a. This steady-state 
condition is indicated by the horizontal line in the permeation transient shown in  
Figure 2-24-b (with corresponding constant maximum hydrogen mass flux “J∞”. Additionally, 
a break-through time “tb” is defined where first permeation current is determined10. From 
start of experiment to steady-state condition, the corresponding hydrogen flux “J(t)” 
increases. As a result, a characteristic S-shape function can be seen in the diagram (part b 
of above mentioned figure). The hydrogen oxidation current “I” is recorded (typically in µA). 
By division of recorded current through the permeation surface area, the corresponding 
permeation current density “imax” in A/mm² can be calculated. Using Faraday’s law this 
current density can be transferred to the corresponding mass flux “J(t)” in accordance to 
Equation 2-17. 
 

Jmax=
imax

n * F
 Equation 2-17: Steady-state hydrogen flux “Jmax” 

 
Where, “Jmax” is steady-state hydrogen flux in mol/mm²*s, “imax” is steady-state hydrogen 
permeation current density in A/mm², “n” is the number of transferred electrons (=1) and “F” 
is Faraday’s constant (fixed at 96,485 C/mol [259]). 
 
The assumed linear concentration profile in steady-state condition represents a useful and 
widely applied simplification. As a result possible trapping effects in the examined 
microstructure are negligible. Hence, calculated diffusion coefficients represent apparent 
and effective values including lattice diffusion and (reversible) trapping effects. Possible 
(reversible) trap-sites were assumed to change the concentration gradient from the 
mentioned linear concentration profile, which results in differences of the (calculated) HD. 
Böllinghaus et al. [258] mentioned that reversible traps are a reason for discrepancies 
between calculated and measured HD. In general, measured HD is higher compared to 
analytically calculated concentration. This is consistent with the study of Brass et al. [243]. 
They concluded that the absorbed hydrogen during permeation is mostly reversibly trapped 
in Cr-Mo and Cr-Mo-V steels. 
 
 
2.5.1.2 Calculation of Effective Hydrogen Diffusion Coefficients 

Using experimental data, a hydrogen diffusion coefficient can be calculated by certain 
methods. In the following, two methods are introduced which have been applied in this 
thesis. Two possible calculation methods are time-lag method [254] and inflection point 
method [260]. Figure 2-25 on the left describes the necessary data for calculation of 
apparent hydrogen diffusion coefficients using time-lag method. The inflection point method 
is shown in Figure 2-26 on the right. 
 

                                                           
10  “tb” - Same notation is used in [255] but determined by extrapolation of the linear part of permeation 

transient (not applied in this thesis) 
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Figure 2-25: Time-lag method in accordance 

to [254]
Figure 2-26: Inflection point method in 

accordance to [255] 
 
For the well established time-lag method, a certain time is determined after hydrogen flux 
has reached 63 % of the steady-state value [254,255]. This time is called lag time “tlag”. The 
corresponding diffusion coefficient is calculated in accordance to Equation 2-18. 
 

Dlag	=	
L²

6 * tlag
 Equation 2-18: Time-lag diffusion coefficient ”Dlag” 

 
Where “Dlag” is the apparent hydrogen diffusion coefficient in mm²/s, “L” the specimen 
thickness in mm and “tlag” in s is time after “i(t)/imax= 0.63 (63 %)”. In addition, “i(t)” represents 
the recorded time-dependent permeation current density.	

The inflection point method according to Dresler and Froberg [260] uses an adapted 
concept. They determined by comprehensive studies that each permeation transient has a 
characteristic inflection point if “i(t)/imax= 0.2442” is reached. They interpreted this 
characteristic behavior of permeation transients and suggested to use the slope at the 
inflection point for calculation of the diffusion coefficient. The inflection point diffusion 
coefficient is calculated by Equation 2-19 with addition of Equation 2-20. 
 

DIP = 
0.04124 * L2 
0.2442 * imax

* ai Equation 2-19: Inflection point diffusion coefficient “DIP” 

 
Where, “DIP” is the apparent hydrogen diffusion coefficient in mm²/s, “L” is the specimen 
thickness in mm and “imax” is the already described steady-state permeation current density 
in A/mm². 
 

ai =
di
dt

 Equation 2-20: Slope “ai“ of permeation transient 
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The value “ai” represents the incremental change (slope) of the permeating hydrogen flux at 
the inflection point. For calculation of “ai” the permeation curves were normalized according 
to Equation 2-21 and Equation 2-22. 
 

y	=	imax = 1 Equation 2-21: Normalized maximum permeation current 
density (after finite time) 

i(t=0)	= 0 Equation 2-22: Normalized minimum permeation current 
density (start) 

 
The slope “ai” at inflection point is calculated by the 1st derivation of the normalized 
permeation transient under consideration of the boundary conditions described in Equation 
2-21 and Equation 2-22. As shown in Figure 2-26, inflection point is reached after  
24.42 % of the maximum hydrogen flux is reached. This is expressed in Equation 2-23. 
 

i(t)
imax

	=	0.2442 Equation 2-23: Inflection point in accordance to [260] 

 
In accordance to Equation 2-20, the normalized slope “ai NP” (in 1*s-1) can be also used for 
calculation of the diffusion coefficient as shown in Equation 2-24.  
 

aN IP	=
dy
dt

  Equation 2-24: Normalized slope “aN IP” at inflection point 

 
In comparison to time-lag method, the inflection point method delivers increased diffusion 
coefficients. This was already mentioned by Böllinghaus et al. [258]. In addition, Dresler 
and Froberg themselves assumed that the lag-time “tlag” is ineligibly influenced by 
electrochemical reactions (for example build-up of necessary electrolyte/specimen diffusion 
boundary layer in front the specimen) which results in prolonged time till first hydrogen is 
detected [260]. 

In addition to time-lag and inflection point method, hydrogen diffusion coefficients can be 
obtained using the break-through method [255]. Hence, the break-through time “tb” has to 
be determined after first hydrogen flux is detected. Subsequently, the linear part of the 
permeation transient is extrapolated to the time axis. Finally, the diffusion coefficient is 
calculated by Equation 2-25. 
 

Db	=	
L²

15.3 * tb
 Equation 2-25: Break-through diffusion coefficient “Db” 
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2.5.1.3 Calculation of Hydrogen Permeability and Solubility 

The next paragraphs describe how certain permeability and corresponding hydrogen 
solubility is calculated from experimental data.  
 
Permeability 
The permeability “Ф” can be defined as rate of permeating mass flux along the diffusion 
length “L” (defined as specimen thickness). It is calculated by using Equation 2-26 in 
accordance to [261-263] and given in mol/mm*s or mol*mm/mm²*s. 
 

Φ	=	Jmax * L Equation 2-26: Hydrogen permeability “Ф” in steady-state 
condition 

 
Solubility 
The calculation of “Ф” allows the determination of an incremental sub-surface concentration 
“HDss” in mol/mm³ (or corresponding in ml/100 g Fe) close to the sample surface at 
hydrogen entry side (see Figure 2-24-a). The “HDss” is calculated using Equation 2-27. 
 

HDss	=
Φ
D

 Equation 2-27: Sub-surface hydrogen concentration “HDss” 

 
The subsurface-concentration “HDss” represents a value of the apparent hydrogen solubility 
of a material. The “HDss” is calculated from steady-state diffusion after elapsed finite time. 
As a result, the mentioned linear concentration profile can be assumed [211,254]. 
Necessarily, the boundary condition in Equation 2-28 has to be fulfilled for the HD at the 
specimen surface where hydrogen desorbs, i.e. the detection cell. 
 

Cout	= 0 Equation 2-28: Hydrogen concentration “Cout” at detection 
side 

 
The presumed hydrogen concentration of zero at the specimen surface is experimentally 
ensured due to use of 0.1 M NaOH solution in the detection cell [254,255]. In addition to the 
experimental boundary condition, the value “D” indicates that different analytically values 
may result from different hydrogen diffusion coefficients derived from time-lag method and 
inflection-point method. 
 
 
2.5.1.4 Influence of Experimental Boundary Conditions 

Despite of the remarkable microstructure effect on diffusion itself, some boundary 
conditions may have a remarkable effect on the evolving hydrogen permeation transients. 
For the subsequent discussion, constant temperature is assumed due to the strong 
temperature effect itself on hydrogen diffusion. A choice of possible factors affecting 
hydrogen permeation is presented in Table 2-17. 
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Table 2-17: Selection of boundary conditions for hydrogen permeation 

Boundary condition Tendency 

Effect 

Measured Calculated 

Jmax tb Dlag HDss 

Specimen thickness [233,234,264] ▲ ▼ ▲ - - 

ph-value (acid/alkaline) [243] ▲ ▼ ▲ ▼ ▲ 

Charging current density [235,236,265] ▲ ▲ ▼ ▲ ▲ 

▲Increasing, ▼ Decreasing, - Undefined 
 
As shown in Table 2-17, the boundary conditions like specimen thickness have contrary 
effects on the measured experimental data. For example, increasing flux “Jmax” decreases 
the break-through time “tb”. The calculated diffusion coefficients (and sub-surface 
concentration) vary with the measured data. Additionally, the charging parameters 
(electrolyte solution and current density) have great impact. In the next paragraphs a 
detailed description of the influence of the boundary conditions is given. 
 
The specimen thickness has certain influence on permeation data [233,234], which is 
expressed by the decreasing and delayed permeation flux with increasing specimen 
thickness. For example, duplex stainless steel with different sample thickness showed a 
significant relationship between sample thickness and maximum hydrogen flux. Six times 
increased thickness increased the steady-state hydrogen flux by factor 4.5. As a result, the 
break-through time increased from 300 s to several hours [264]. This emphasizes that the 
specimen thickness influences the measured experimental data. But it cannot be concluded 
if specimen thickness (in general) influences calculated diffusion coefficients. 
 
As shown in Table 2-17, the electrolyte has effect on the measured values, calculated 
diffusion coefficient and sub-surface concentration. In general, charging from an alkaline 
solution (above ph-value of 7) leads to decreased and delayed hydrogen flux “Jmax” [243]. 
The reason is the lowered hydrogen activity in alkaline solution compared to acidic solution 
expressed by increased ph-value for alkaline solutions such as hydroxides. 
 
The influence of increased charging current density was reported for martensitic high 
strength steel up to 200 mA/cm² [235]. It was assumed that the coverage of specimen 
surface with hydrogen atoms increases in case of raised charging current density [236]. 
This assumption was experimentally confirmed by Dong et al. [265]. 
 
Despite the mentioned experimental boundary conditions, additional boundary conditions 
are (partly controversially) discussed in literature like surface roughness [234]. In addition, 
the reliability of the available experimental data itself is critically discussed [266]. It is an 
open question which mechanical treatment of the sample surface is the best of the “worst”. 
For example, polishing induces increased dislocation density in surface near region. Hence, 
the number and density of possible hydrogen trap sites increase. 
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In addition, it is discussed if a coating with Pd-layer is necessary to prevent specimens from 
possible formation of oxides or corrosive layers [267]. Additionally, Pd tends to favor 
hydrogen oxidization by catalytic reactions and preventing hydrogen from recombination 
[268]. This is important because recombined hydrogen cannot be detected at the exit side. 
But (for example) for Pd coated Nb membranes increased hydrogen embrittlement was 
reported indicating enhanced hydrogen recombination in the Pd/Nb-interface [269]. 
Nevertheless, permeation experiments can be successful conducted without Pd-coating by 
control and monitoring of hydrogen charging and desorbing parameters such as applied 
cathodic overpotential at the exit side [255,267]. For example, overpotential of + 200 mV vs. 
SCE is recommended as value for reliable results in case of steel membrane permeation  
experiments [270]. 
 
For reliable detection of hydrogen diffusion data, it is recommended to perform permeation 
experiments before “necessary” experiments. If possible, different charging current 
densities [235,236,265] and/or different electrolytes [243] should be examined for 
evaluation of the (possible) influence of experimental conditions compared to the 
investigated material/microstructure itself. 
 
 
2.5.2 Hydrogen Diffusion at Elevated Temperatures 

2.5.2.1 Diffusion in Finite Cylinder 

In accordance to Crank’s solutions for the diffusion problem [211], diffusion can be 
expressed for different specimen geometries such as thin plate or cylinder. Non-steady 
diffusion of any species in a (solid) medium follows Fick’s second law (Equation 2-10). In a 
cylinder, the corresponding Cartesian co-ordinate system is described by polar coordinate 
system. For example, Padhy et al. [271] showed a detailed mathematical derivation of 
diffusion equation in the case of a cylinder. Figure 2-27 shows the relationship between 
polar and Cartesian coordinate system. 
 

Figure 2-27: Cylinder coordinate system [271] 
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As shown in Figure 2-27, the Cartesian coordinates (x, y) equal to polar coordinates: 
x = ρ * cos φ and y = ρ * sin φ related to the same longitudinal z-axis. Where, “ρ” is the 
radial length in mm and “φ” is the polar angle (in degree or rad). 
Using polar coordinates, the diffusion in a cylinder with finite length can be expressed by 
Equation 2-29. 
 

∂C
∂t
	=	D	*	

1
ρ
	*
	∂
∂ρ

ρ *
∂C
∂ρ

+
1
ρ2 *

∂2C
∂φ2 +

∂2C
∂z2  Equation 2-29: Generalized diffusion equation for 

cylinder 

 
The boundary conditions for further calculations consider the specimen as solid-state 
cylinder with finite length. Hence, the dimensions are defined with ρ = r as specimen radius 
and with z = l as specimen length. Additionally, the cylinder is assumed to have an uniform 
initial HD defined as “C0” General solutions of Equation 2-29 are available for effusing 
species given in [211,272] or in terms of remaining species in the cylinder in accordance to 
[273,274]. 
 
 
2.5.2.2 General Solutions for Diffusion Equation 

A choice of available solutions is given in the next paragraph. In general, these solutions 
are approximations of numerically computed solutions for a limited number of terms.  
A choice of these solutions is presented in Table 2-18. 
 
Table 2-18: General solutions of finite cylinder diffusion equation 

Solutions for cylinder diffusion equation Ref. 

Mt

M0
	=	

32
π2

1
2m+1 2*αn

2*
* exp -

αn
2

r²
 + 

2m+1 2*π²
l²

*D*t
∞

n=1

∞

m=0

 

Equation 2-30: Solution I 

[273,275] 

Mt

M0
	=	

32
π2

1
αn

2 *	exp -
αn

2*D*t
r2

∞

n=1

1
2m+1 2 *	exp -

2m+1 2*π2*D*t
l2

∞

m=0

 

Equation 2-31: Solution II 

[237] 

Mt

M0
 = 

32
π2

1
αn

2*r2 * exp - αn
2*D*t

∞

n=1

1
2m+1 2  * exp -

2m+1 2*π2*D*t
l2

∞

m=0

 

Equation 2-32: Solution III 

[276] 

 
In these diffusion equations, “Mt” is the hydrogen amount effused/desorbed after certain 
time “t” and “M0” is the initial hydrogen amount in the cylinder. The index “αn” indicates the 
roots of Bessel’s function of order zero. The radius of the cylinder is defined by “r”,  
“l” means length of the cylinder, “D” is the apparent hydrogen diffusion and “t” is the elapsed 
time. Nonetheless, exact solutions require computing capacity or complex prior fitting 
procedures of the corresponding experimental data. By consideration of simplified boundary 
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conditions (m = 0 and n = 1), the required calculation time can be reduced. For example,  
Equation 2-30 can be reduced to Equation 2-33 in accordance to [273,274,278]. 
 

Mt

M0
 = 

32
π2  

1
αn

2 * exp  - 
αn

2

r²
 + 

π²
l²

 * D * t
∞

n=1

 Equation 2-33: Simplified diffusion equation 

 
Due to the exponential nature of the solutions of diffusion equation, a time constant can be 
determined like the half-life time of radioactive decomposition processes of isotopes. In 
case of hydrogen diffusion, the time characterizes a point after 50 % of initial hydrogen 
amount has desorbed from the specimen, i.e. 50 % remaining hydrogen of initial amount. 
The corresponding time “t0.5” is expressed in Equation 2-34. 
 

t t  =  t0.5 :   M t0.5

M0
 = 0.5  Equation 2-34: 50 % effusion time - “t0.5” 

 
 
2.5.2.3 Approximate Solutions for Finite Cylinder 

As mentioned for the permeation experiments, the calculation of diffusion coefficients is 
based on experimental data. Hence, possible trapping effects are difficult to consider. This 
means the diffusion coefficients represent effective values of an apparent diffusion. 
 
Table 2-19 shows three available simplified approximate solutions for calculation of 
hydrogen diffusion coefficients at elevated temperatures. They consider the simplifications 
introduced in the previous chapter. They were derived from calculations considering 
different orders (n = 1…5 or more) [277-279]. 

 
Table 2-19:  Approximate solutions / calculations methods for effective diffusion coefficient in 

finite cylinder 

Approximate solutions for calculation of hydrogen diffusion coefficients Ref. 

D1	≅	0.181 *
r2

t0.5
 Equation 2-35: Calculation method 1 [277] 

D2	≅	0.120 *
r2

t0.5
 Equation 2-36: Calculation method 2 [278] 

D3	≅	0.064 *
r2

t0.5
 Equation 2-37: Calculation method 3 [279] 

 
The presented approximate solutions show that identical specimen dimensions resulted in 
different calculated constants (from 0.064 to 0.181). This will change the hydrogen diffusion 
coefficient. For example, the ratio between method 1 and 3 is approximately three. This 
means diffusion coefficients calculated by method 1 deliver three times higher diffusion 
coefficients compared to method 3. In addition to the materials and experimental conditions, 
the specimen geometry has a considerable effect on the different calculation methods. 
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Hence, they can be a reason for the scatter of diffusion data of several magnitudes reported 
by Böllinghaus et al. [228]. 
 
 
2.6 Hydrogen Detection and Measurement in Steels 
Over the past decades, several methods were developed for measuring hydrogen contents 
in metallic materials [119]. In general, hydrogen determination consists of: 
 
 Use of self-driven hydrogen effusion at ambient temperature or heat input for 

activation of accelerated dynamic hydrogen diffusion and effusion (for example in  
a furnace) in a surrounding (mostly gaseous) medium or in vacuum, 

 Qualitative hydrogen detection with probes based on chemical or physical operation 
principles and 

 Quantitative hydrogen calculation by ex-situ or ex-ante calibration of the probe with 
defined amounts of hydrogen. 

 
The mentioned parts allow a general classification of the hydrogen determination methods 
according to their boundary conditions. The next chapters give an overview of available 
hydrogen determination methods according to the mentioned boundary conditions above. 
 
 
2.6.1 Hydrogen Collection Methods 

In general prior to the analysis or determination, hydrogen can be collected in special 
specimen chambers. The collection chamber type can be half-open or closed and is related 
to the hydrogen determination principle. A short overview of selected hydrogen collection 
methods is presented in the next paragraph. 
 
Hydrogen extraction at room temperature (mercury method) 
Over the past decades, the mercury method was the standard procedure for determining 
hydrogen in case of deposited WMs. It is standardized in ISO 3690 [280]. For hydrogen 
collection, the specimen is put into a nearly evacuated chamber. Subsequently, the 
hydrogen is collected for 72 hours at room temperature. During this time, the effusing 
hydrogen recombines to molecular gas-phase with a corresponding pressure. This pressure 
displaces a pool of liquid mercury. Due to the specified procedures in the ISO 3690 
considering the changing height of the mercury pile, it is possible to calculate the 
corresponding HD. It has to be mentioned that (due to the well-known potential health risks 
of using mercury) several efforts have been made to find equivalent techniques for 
determination of hydrogen concentrations with a similar reproducibility like the mercury 
method. An overview of methods is present in the paragraphs. 
 
Hot extraction 
The hot extraction method is based on thermal activation of hydrogen atoms in the solid-
state specimen and subsequent thermal desorption. Due to specimen heating (for example 
via infrared radiation), hydrogen is activated and effuses from the specimen. The hydrogen 
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desorbs from the specimen surface and recombines to molecular gas. This gas can be 
collected in different specimen chambers (half-open or closed) defining two different 
collection methods: 
 
 Vacuum hot extraction method (VHE) is characterized by a closed specimen chamber 

with high vacuum. The high vacuum allows determining hydrogen with high resolution 
due to the missing contaminants of additional gases. The mounted vacuum pump 
transfers the molecular hydrogen gas to the detection unit [281]. It has to be 
mentioned that the necessary time of the evacuation of the specimen chamber has to 
be considered in terms of the examined microstructure. For example, hydrogen 
effuses very fast from ferritic matrix compared to austenitic matrix due to the 
significant difference of the diffusion coefficients [228]. An already effusing part of the 
hydrogen cannot be detected since vacuum is established. The VHE is sufficient for 
application for materials in which hydrogen can be permanently trapped like silicates 
[282] or reference materials with a defined hydrogen level [283]. 

 The carrier gas hot extraction method (CGHE) is characterized by a half-open 
specimen chamber continuously flowed through with an inert gas (such as nitrogen). 
This gas flow carries the desorbing hydrogen. After, the occurring gas mixture is 
transferred to the detection unit. The use of CGHE as hydrogen collection and 
determination technique is standardized in ISO 3690 for welding [280]. 

 A special technique of hot extraction is the Yanaco method. This method is 
characterized by a special sealed chamber. The specimen is contained by the 
chamber and the desorbing hydrogen is collected inside. The specimen chamber can 
be heated up to 150°C (depending on the silicon rubber seals) and is used for long 
duration hydrogen collection. After expiration of experiment, the seal is opened and 
flowed with the carrier gas and the occurring mixture is transferred to the detection 
unit. Commercially available systems use a gas chromatograph [284]. 
 

Melt extraction 
The melt extraction is an additional technique which can be performed directly after a solid 
state hot extraction. In opposite to the solid state hot extraction, the melt extraction is 
performed above the melting point of the investigated material. This technique can be 
performed using both mentioned hot extraction methods (VHE and CGHE). The hot 
extraction technique allows determination of the whole amount of hydrogen which is can be 
trapped above the used extraction temperature [243]. 
 
 
2.6.2 Quantitative Hydrogen Analysis with TCD 

The thermal conductivity device (TCD) is one the most common methods for determination 
of hydrogen in metals especially in industrial application. A wide choice of different 
hydrogen analyzers fabricated by Leco or Bruker Elementals is based on the TCD. The 
basic principle of the TCD is differential thermal conductivity of the examined gas compared 
to a reference gas. The reference gas is mostly an inert carrier gas, if TCD in combined with 
CGHE. The TCD consists of reference cells and sample cells mounted in a thermostat-
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controlled aluminum block [285-287]. These cells are connected via Wheatstone bridge with 
a constant electrical current (as shown in Figure 2-28). 

 

 
Figure 2-28: Schematic of TCD in accordance to [285] 
 
Each cell contains a thermistor (so-called thermal resistor, indicated by the zig-zag-pattern 
in Figure 2-28), which changes its electrical resistance with changing temperature. The 
reference cells are purged with the carrier gas (blue colored) which has a fixed thermal 
conductivity. The sample cells are purged at the same time with the gas mixture (orange 
colored) consisting of the carrier gas and the desorbed hydrogen (analyze gas). 
Subsequently, the thermal conductivity of the gas mixture changes due to the 
“contamination” with hydrogen. The changed conductivity leads to a temperature change in 
the thermistor cell resulting in a change in the electrical resistance. As a result, the 
changing electrical resistance leads to a change in the measured voltage in the sample 
cells (due to applied constant electric current). Hence, a potential drop between reference 
cell and sample cell occurs. This signal can be measured in mV and corresponds to a 
specified amount of hydrogen in the analyzed gas mixture. 
 
Due to the necessary differences in the thermal conductivity, a carrier or reference gas has 
to be used which fits to the requirements specified beneath. 
 
 Large difference of thermal conductivity compared to hydrogen and 
 Linear behavior in the change of conductivity with different mixtures of ranging from  

0 % to 100 % hydrogen in the hydrogen/carrier gas mixture. 
 
Table 2-20 shows a selection of possible carrier gases for hydrogen analysis [288]. These 
carrier gases are compared by their thermal conductivity to hydrogen as analyze gas 
 

Table 2-20: Comparison of thermal conductivity λ at 25°C for selected (purified) gases [288] 

Gas H2 He N2 Ar 

 in W/m*K 0.181 0.150 0.026 0.018 

 
Gaseous nitrogen offers seven times lower thermal conductivity compared to hydrogen. 
Hence, helium gas cannot be used with TCD due to similar thermal conductivity compared 
to hydrogen. The use of Argon as carrier gas is less prevalent (increased procurement 
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costs compared to nitrogen). The change of the thermal conductivity is also important in 
terms of quasi-linear increase for different mixtures of hydrogen and carrier gas. Hence, 
nitrogen [289] and argon [290] are widely used due to their favorable linear range of thermal 
conductivity in presence hydrogen. 
 
In addition, CGHE with TCD is standardized as hydrogen determination technique in  
ISO 3690 [280]. Additionally, several round robins confirmed the very good reproducibility of 
TCD results compared to the mercury method [291-293]. 
 
 
2.6.3 Quantitative Hydrogen Analysis with MS 

Hydrogen determination with mass spectrometry (MS) offers several advantages compared 
to TCD. The resolution of a MS is in ppb range compared to ppm of a TCD. This value is 
typically related to a minimum specimen weight of 1 g. The MS itself is independent of 
necessary linear range of thermal conductivity of different possible gas mixtures (as in case 
of TCD combined with CGHE). The basic principle of hydrogen detection via MS is the 
separation of different ions. In general, three techniques can be used for ion separation with 
MS [294]:  
 
 Time-of-Flight (ToF) method - Ion separation via increasing flight time with increasing 

ion mass, 
 Deflection of ions in constant electrical or magnetic fields or 
 Separation via different ion mass with alternating high frequency electrical fields 

(quadrupole unit, ion trap). 
 
Composition and function principle of quadrupole unit 
In commercial available hydrogen analyzers the use of MS is relatively new. In this case 
mostly quadrupole units are used [295]. The general function principle of a quadrupole MS 
is explained in Figure 2-29 [296].  
 

 
Figure 2-29: Schematic of a quadrupole mass selector in accordance to [296] 
 
The quadrupole unit consists of four cylindrical electrode rods. They are mounted with the 
same distance forming a square. As shown in Figure 2-29, z-axis represents the 
longitudinal axis of the electrodes. The opposing electrodes are connected with a constant 
current leading to two pairs of anodes (+) and cathodes (-). Additionally, a high frequency 
(HF) alternating current is superposed to the constant current. The HF field is de-phased 
with an angle of 180° compared to the electrodes. The quadrupole separates the ions 
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entering via the injector hole by variation of the constant current and frequency and 
amplitude modulation of the HF field. By varying the mentioned parameters, specified ions 
with discrete ion mass (M1-M3) and valence ratio are forced to stable or instable 
trajectories in the quadrupole unit. Ions with stable trajectories (M1) are separated and 
determined compared to the unstable trajectories (M2 and M3) [294]. The combination of 
the constant electrical field and the alternating HF field has impact on the appearing ion 
trajectory: 
 
 In general, heavy ions show decreased flight speed compared to light ions. Due to the 

HF field in the quadrupole, ions are forced to follow a sinus-waveform like trajectory. 
Hence, light ions show a higher displacement compared to heavy ions. 

 In the case of a constant electrical field, ions are attracted by the anode (+) and 
repulsed by the cathode (-). Due to the higher valence, heavy ions are more displaced 
compared to light ions. 

 
The superposition of both single trajectories allows the determination of a discrete ratio of 
ion mass and valence representing a special type of chemical element or compound. The 
mass spectrometry allows very exact results with a resolution of ppb depending of the 
specimen weight. The MS can be applied for detection of relatively small hydrogen amounts 
like several ppm or ppb. This was successfully shown for high-strength steels 
[231,287,297,298] as well as for determination of time and temperature dependent effusion 
in HAZ weld microstructures [246]. 
 
 
2.6.4 Additional Hydrogen Detection Techniques 

Gas chromatography 
Gas chromatography (GCG) uses the identification of chemical compounds via separation 
into different phases. For this purpose, the mixture of chemical compounds (which should 
be analyzed) is separated in a so-called separation column. This column consists of an 
outer shell (fused silica) and an inner shell (viscous polysiloxane) and is placed in a 
furnace. The furnace vaporizes the material which should be investigated. The GCG implies 
that the investigated mixture of chemical compounds is gaseous or (in case of solid state) 
can be undecomposed vaporized. Additionally, the maximum furnace temperature is 
approximately 400°C due to the decomposition temperature of the polysiloxane in the inner 
shell. The separated molecules retain different time in the column due to their different 
polarity and gas pressure. Hence, a detector measures the time from insertion to egression 
at exit site of the separation column. The comparison of this time with present reference 
chemical compound allows identification of hydrogen. For quantitative analysis, GCG has to 
be coupled (for example) with MS for quantitative analysis (GCG-MS) [299]. 
 
Nuclear reaction analysis 
The nuclear reaction analysis (NRA) is a procedure for determining hydrogen in the field of 
ion beam analysis. The technical principle is based on the acceleration of nitrogen isotopes 
with an atom mass of u = 15 (15N) which are focused on the surface of a hydrogen 
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containing specimen and react to a carbon atom core under radioactive decay. The overall 
decomposition reaction (I-III) is: 

(I)  N7 
15  +	  H1

1 +
→  O8

16 2+
    (II)   O8

16 2+
→  C6

12 *
+  He2

4 2+
α     (III)  C6

12 *
→ C6

12  + γ 

If 15N nitrogen isotope hits a hydrogen proton, they fuse to a 15O oxygen compound 
nucleus. This particle immediately decays under emission of alpha-radiation to an excited 
12C isotope (indicated by “ * “). Then, the carbon isotope stabilizes by emission of a gamma 
quantum  with well defined energy level of 4.43 MeV. By energy dispersive measuring this 
gamma “photon” the initial hydrogen is proved. The intensity of the occurring gamma 
radiation equals to the number of initially involved hydrogen atoms. Depth profiles in the 
bulk material can be obtained by increasing the acceleration energy for deeper penetration 
of the focused nitrogen ions [300,301]. 
 
Glow discharge optical emission spectroscopy (GD-OES) 
The principle of GD-OES is the characteristic emission spectra of each chemical element in 
case of ionized plasma. An electric potential is applied in argon shielding atmosphere 
between the specimen surface (cathode) and a heating source acting as anode (for 
example as gas lamp). The argon particles collide with the specimen surface and remove 
particles from the surface, which emit characteristic wave length radiation. This 
characteristic wavelength, allows identification of each element by a coupled spectrometer. 
For quantification of the hydrogen, the similarity of the intensity of the emitted radiation vs. 
the concentration of hydrogen atoms is used [302,303]. 
 
Elastic recoil (backscatter) detection analysis (ERDA) 
This method is used for near surface identification of hydrogen with heavy ions. Using low 
angle high energy ion blasting, the heavy ions dissolve particles from near surface atom 
layers of the specimen surface. Then, the dissolved particles are detected by use of time-of-
flight technique. It is possible to detect the chemical composition and concentration depth 
profiles. For that case, multiple blasting at the same position is conducted for removing 
additional atom layers from the substrate [303,304]. 
 
Electrochemical sensor via oxidation current (ECS) 
The hydrogen is detected by use of an electrolytic cell, which contains two electrodes. By 
dumping hydrogen containing inert carrier gas in the cell, the hydrogen is oxidized due to 
the applied potential between the two electrodes. Due to the oxidations, a current occurs 
which can be measured. For quantification of the detected hydrogen, it is considered 
according to the Faraday’s law that the introduced gas amount is proportional to the 
occurring oxidization current [305]. 
 
Proton exchange membrane (PEM) 
This type of hydrogen detection principle was proposed by Padhy et al. [271] and uses 
adapted principles of the previous shown electrochemical sensor. It is based on separation 
of a H2 containing gas-mixture due to an anodic reaction at a membrane. The detection unit 
consists of membrane made of Nafion (sulfonized polytetrafluoroethylene, also known as 
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“Teflon”) covered from both sides with Pt. This membrane separates two individual 
chambers. The anodic side is purged with the analyzing gas and the cathodic side is 
purged with normal air. The electrochemical reactions between anode and cathode induce 
an electrical current. This current corresponds to the diffusing atomic hydrogen amount and 
can be quantified. 
 
 
2.6.5 Summary of Hydrogen Detection Techniques 

A wide range of different hydrogen determination methods is available. Advanced 
technologies like NRA require increased experimental effort expressed by expensive 
equipment. Hence, they are mostly used in trace analysis. For quantitative hydrogen 
detection (and in scope of industrial application), CGHE is the most common technique. For 
this purpose, TCD or MS hydrogen detection can be applied for reliable measurements. 
Table 2-21 summarizes possible applications and main advantages/disadvantages of the 
presented determination methods. 
 
Table 2-21: Overview of hydrogen detection methods 

Method Detection 
principle 

Variable 
temperature 

Surrounding 
media Advantage (+) / Disadvantage (-) 

Yanaco TCD / MS / 
GCG Up to 150°C Purge gas 

+ “Robust” hydrogen collection 
- Limited temperature range 

Mercury Displace-
ment No Vacuum 

+ Reference method 
-  Environmental risks (due to Hg) 

CGHE TCD / MS / 
GCG 

Limited by 
melting point Carrier gas 

+ Reference method with TCD 
+ Determination of trapping 
- Global hydrogen content 

VHE MS Limited by 
melting point Vacuum 

+ Additional diffusion data 
- Evacuation time 
- Global hydrogen content 

GCG ToF (+MS) 400°C N/A 
+ Exact identification 
- No direct quantification 

NRA Radiation N/A Vacuum 
+ Local hydrogen content 
+ Depth profiles 
- Radioactive radiation 

GD-OES Emission 
spectrum N/A Shielding gas 

(Ar) 
+ Local hydrogen content 
- Expensive equipment 

ERDA ToF-MS N/A Vacuum 
+ Local hydrogen content 
+ Depth profiles 
- Expensive equipment 

ECS Oxidization 
current N/A Electrolyte 

- Expensive equipment 
- Less common 

PEM Oxidization 
current 

Membrane de-
composition Purge gas 

+ Diffusion data 
- Less common 
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3 Statement of the Problem 

3.1 Main Conclusions from State of the Art 
Welding is the most important fabrication technology in power plant construction. LA bainitic 
steel grades are state of the art in power plants due to their advanced mechanical 
properties combined with cost effective production. Depending on the power plant type,  
Mn-Mo-Ni LA steels are mostly used in nuclear power plants [6,7,35] and creep-resistant 
Cr-Mo-V steels in fossil-fired power plants [5,8,36,65,97]. The uses steel grades and their 
weld joints can be absorb hydrogen as a result of both: weld fabrication and/or service. The 
initially mentioned problems with the T24 grade in new commissioned fossil-fired power 
stations [13,18,21,23-25] since 2012 emphasize that hydrogen cannot be excluded as a 
failure-supporting source. This can be seen in terms of a certain hydrogen-assisted 
degradation of mechanical properties or cracking. As result from the state of the art in 
chapter 2, the following main conclusions are given below: 
 
1.) Welding fabrication causes important changes in the HAZ (and WM) microstructure of 

LA bainitic steels (see chapter 2.3.3, pages 19 to 23). The most important factors are 
dissolution of precipitates/carbides and different grain size in the HAZ. Depended on 
the cooling rate different microstructures like bainite or martensite occur as well as a 
mix of both. Each of the different weld microstructures has specific mechanical 
properties compared to the BM. In general, an increased cooling rate results in 
formation of a hardened microstructure (martensite amounts) and higher hardness. 
As a result, increased UTS can be reached and is accompanied by significantly 
reduced ductility. A subsequent PWHT/tempering improves the mechanical 
properties.  

2.) In presence of hydrogen, each weld microstructure shows different susceptibility to 
hydrogen-assisted degradation of the mechanical properties. This is independent of 
the used LA concept: Mn-Mo-Ni [178-180,192] or Cr-Mo-V [21,191,196]. On that 
account, dissolved hydrogen in a microstructure significantly reduces the ductility. 
This corresponds to certain susceptibility. This degradation/susceptibility enhances 
with increased HD and hardness (i.e., strength) [196,201,202,]. Consequently, the 
HAZ is regarded as most susceptible microstructure [21,196-199,205] in terms of 
hydrogen-assisted degradation or cracking. This is independent of the LA concept 
used for the introduced bainitic steels intended for elevated temperature application. 

3.) Currently, a lack of quantitative results exists on the intensity of hydrogen-affected 
degradation on mechanical properties of weld microstructures of bainitic LA creep-
resistant steels (see chapter 2.4.6.5). On the one hand, many references do not 
contribute with a certain HD. On the other hand, BM grades are investigated  
in majority of cases (see Table 2-13 on page 40). Especially, data  
encompassing the HAZ or WM is limited (Table 2-14 on page 42). The identification 
of a degradation susceptible weld microstructure is limited based on available 
references for both LA concepts (Mn-Mo-Ni and Cr-Mo-V). As a result,  
quantitative values of hydrogen concentrations, which are responsible for  
certain degradation, are described insufficiently. On that account, determination  



3 Statement of the Problem 

76  BAM-Dissertationsreihe 

of the degradation of HAZ microstructures of LA Mn-Mo-Ni and Cr-Mo-V steels is 
necessary and reasonable. This is emphasized if one considers the  
occurred problems with the T24 during commissioning [13,18,23-25] of new power 
plants and hydrogen-assisted degradation during service loads [21]. 

4.) Existing approaches for quantitative description of degradation involve the 
assessment of the well-known decrease of the ductility. However, significance of 
these approaches is limited. For example, a certain hydrogen-affected degradation is 
very often compared to the applied range of parameters for electrochemical hydrogen 
charging [192,194,196]. 

5.) Chemical composition and heat treatment of BM grades define the predominantly 
microstructure in terms of bainite mixed with amounts of ferrite or martensite in LA 
bainitic steels [46,47,51,52,68,69,77,79]. However, weld heat input changes the  
initial structure (mentioned in conclusion no. 1) Especially in LA bainitic steels, 
precipitates and grain boundaries are hydrogen traps. For example, V as additional 
alloying element increases hydrogen solubility and decreases diffusion in  
Cr-Mo steels by hydrogen trapping [191,237,243]. Hence, modified HAZ and  
WM microstructure alters the number, distribution and density of hydrogen traps. On 
that account, hydrogen diffusion decreases and solubility increases in the HAZ [246] 
and WM of welded LA bainitic steels [241,248,249]. In addition, the diffusion 
coefficients represent unique values for each HAZ microstructure itself  
(FHAZ vs. CHAZ). In combination with increased degradation susceptibility, the HAZ 
is regarded a most susceptible microstructure for delayed HAC. Hence,  
separation of diffusion characteristics of all weld microstructures is reasonable and 
necessary. 

6.) Hydrogen diffusion and trapping data at elevated temperatures can be used for 
different cases: prediction of economic temperatures for certain DHT [208,209] of 
weld joints or  numerical analysis of hydrogen-assisted degradation and cracking  
after welding [210,363,364]. However, currently available diffusion coefficients  
were mostly derived from investigations of BM grades. Available references  
show that microstructure influences both: hydrogen diffusion and trapping. 
Nevertheless, hydrogen diffusion and trapping is only partly quantified in  
the case of HAZ and WM. In accordance to [210], further diffusion  
and trapping data (in terms of diffusion coefficients and trapped  
hydrogen concentrations) can contribute to optimize general hydrogen  
removal procedures as well as prediction of hydrogen distribution in weld joints after 
welding. 

7.) Hydrogen diffusion coefficients represent a calculated value considering lattice 
diffusion and delayed diffusion by hydrogen trapping. As a result, hydrogen trapping 
and microstructure effects are directly related to each other. However, the calculation 
of diffusion coefficient is based on different algorithms and simplifications 
[211,271,272,277,278,281]. Additionally, certain boundary conditions (permeation 
experiments) have influence on diffusion coefficients [233-236,243]. Independent of 
the used LA concept, it is difficult to quantify what impact experimental boundary 
conditions have on calculated diffusion coefficient vs. the microstructure influence 



3.2 Main Objectives 

77 

itself. As a result, this is an additional explanation for the large scatter of diffusion 
data at ambient temperature of some magnitudes reported in [228,229]. 

8.) In the present, CGHE with TCD is a well-established technique for hydrogen 
determination [287,291]. Nevertheless, hydrogen effusion reacts sensitive to 
temperature changes. Currently, in-situ measurements of exact specimen 
temperature during heating are not applied to ensure an accelerated specimen warm-
up. On the on hand, this is less important for the determination of a HD itself. But on 
the other hand, it is known that fast specimen heating influences hydrogen diffusion 
as well as the monitored effusion [357,362]. This principle is base of a TDA for 
calculating activation energies for trap characterization. However, during TDA low 
heating rates are used (≤ 0.5 K/s). This is in contrast to the determination of hydrogen 
diffusion coefficients at elevated temperatures. In this case, the specimen has to be 
heated very fast to desired holding temperature. In case of previously hydrogen 
charged specimen, the majority of hydrogen would be lost before desired holding 
temperature is reached. In other words, the calculated diffusion coefficient must 
change with varied heating rate. As a result, a procedure had to be developed which 
accounts and balances between specimen heating and time resolved determination 
of hydrogen effusion. In addition, decreased holding temperature decreases a certain 
effusion rate (mol/mm²*s) and limits the hydrogen detection with TCD. On that 
account, application of high-resolution MS [295,298] can contribute to reliable 
hydrogen effusion measurements. 

9.) Important microstructure differences (for example CHAZ compared to FHAZ) and the 
small width of real HAZ complicates the examination of hydrogen effect on 
mechanical properties. In addition, the microstructure influence on hydrogen diffusion 
is complicated to separate. For this purpose, the well-established technology of 
thermal simulation offers the option of homogenous weld similar microstructures. This 
is necessary to separate the microstructure effect on mechanical properties and 
hydrogen diffusion characteristics. 

 
 
3.2 Main Objectives and used Methodology 
Main objectives 
From the conclusions given in the last preceding chapter 3.1, it can be derived that 
hydrogen and its effect on degradation in LA bainitic steels cannot be excluded as possible 
failure scenario. This is important for successful welding without hydrogen-assisted cracks 
and later operation of the weld joints. A further investigation on hydrogen-assisted 
degradation is necessary of welded and pressurized components in fossil-fired and (in 
particular) nuclear power plants. Each weld microstructure has unique mechanical behavior 
in presence of hydrogen and unique diffusion properties.  
 
In addition, available calculation algorithms and hydrogen determination techniques should 
be discussed critically. Hence, the main objectives of this study are: 
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Comparison of two different bainitic LA steels and their corresponding weld microstructures 
used in power plants with particular determination of the hydrogen effect on degradation of 
the mechanical properties and the investigation of hydrogen diffusion characteristics. 
 
The complexity of hydrogen-assisted degradation was already emphasized by the main 
conclusions presented in chapter 3.1. Necessarily, the complexity of the interdependencies 
of the three main factors microstructure, load and HD (Figure 2-13 on  
page 25) has to be reduced. The appearance of different microstructures in a weld seam 
like BM, different HAZ microstructures and WM increases the complexity. Hence, a 
research approach was necessary for reducing the complexity by dividing the 
interdependencies into different categories. Figure 3-1 shows a general workflow chart. 
 

 
Figure 3-1: Workflow chart combined with experimental approach 
 



3.3 Materials vs. Objectives 

79 

Figure 3-1 shows in stage (I) the main factors, which influence degradation in presence of 
hydrogen. Subsequently, the applied approach is presented in stages (II) to (IV). As shown 
in stage (II), the complexity of hydrogen-assisted degradation is reduced by examining 
three main categories: (1st) mechanical properties without hydrogen, (2nd) mechanical 
properties in presence of hydrogen and (3rd) determination of hydrogen diffusion. As shown 
in stage (III), each combination of local HD and load is considered for different weld 
microstructures. They are in consecutive order: unaffected BM, HAZ and WM. A short 
introduction of the conducted experiments is given in the next paragraphs. 
 
Experiment type 1: Determination of hydrogen-assisted degradation 
Tensile tests were conducted for determination of the degradation of mechanical properties. 
This procedure allowed the assessment of a possible degradation for each weld 
microstructure. In addition, the corresponding HD was determined from the tensile 
specimens by CGHE. As a result, a certain range of HD can be quantified in which the 
degradation of mechanical properties became critical. This manifested in the change of 
ductile fracture to major or entirely brittle fracture. Hence, further analysis of the fracture 
surface with SEM was conducted for selected specimens. 
 
Experiment type 2: Determination of diffusion 
Hydrogen diffusion is one important influencing factor in terms of degradation (and HAC 
respectively). The diffusion defines the elapsing time for remaining of a certain HD range in 
which hydrogen-assisted degradation can occur. This is important to reduce the risk for 
delayed cracking respectively Therefore, the determination of microstructure depended 
hydrogen diffusion requires special investigation techniques. For that purpose, hydrogen 
effusion/degassing experiments were conducted, which allowed the calculation and 
definition of reliable diffusion coefficients. In addition, the temperature dependency of 
diffusion (and possible trapped hydrogen) was investigated. 
 
 
3.3 Investigated Materials vs. Secondary Objectives 
The Mn-Mo-Ni steel grade 16MND5 was investigated as representative for RPV 
components in nuclear power plants. Cr-Mo-V grade T24 was investigated as 
representative for coal-fired power plants. For further evaluation, 20MND5 (higher carbon 
compared to the 16MND5) was included for the Mn-Mo-Ni concept and Cr-Mo steel T22 
was included for comparison to the Cr-Mo-V grade T24. Especially, the HAZ shows different 
sub-microstructures (see Figure 2-8 on page 17) depending on the achieved peak 
temperature during welding [91]. For this purpose, two different types of HAZ 
microstructures were investigated: FHAZ and CHAZ with higher achieved peak 
temperature. In addition, high and slow cooling rate were investigated for the 16MND5 to 
simulate a decreased and increased weld heat input. Table 3-1 gives a brief summary of 
conducted experiments with the different investigated LA steel grades in this present thesis. 
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Table 3-1: Investigated materials, microstructures and conducted types of experiments 

Material BM 
FHAZ 

I 
(fast) 

FHAZ 
II 

(slow) 

CHAZ 
I 

(fast) 

CHAZ 
II 

(slow) 
WM 

RPV steel 
16MND5 1,2 1,2 1,2 1,2 1,2 - 

20MND5 1,2 - - - - - 

Creep-
resistant 

T24 1,2 1,2 - 1,2 - 1,2 

T22 1,2 - - - - - 

 
As indicated in Table 3-1, the experiment types - tensile test (1) and diffusion  
experiment (2) - were conducted for BM and HAZ weld microstructures. Hence, the thermal 
simulation of homogenous weld similar HAZ microstructures was a central objective of this 
thesis. In case of T24 grade, WM specimens were investigated supplementary. In 
accordance to realistic on-site welding conditions, the T24 WM specimens are in as-welded 
condition without further PWHT. Summarized, the following secondary objectives of are 
defined in accordance to the main objectives (given on page 77) enlarged by the 
experimental requirements given in Table 3-1: 
 
 Production of simulated HAZ microstructures, which are comparable to real weld 

(HAZ) microstructures of LA bainitic creep-resistant steel grades for tensile tests 
(1) and diffusion experiments (2), 

 Experimental identification of mechanical properties without hydrogen and in 
presence of hydrogen for each weld microstructure, identification of degradation of 
mechanical properties of each microstructure and quantification of corresponding 
hydrogen concentrations, 

 SEM Investigations of fracture topographies and deduction of HD influence and 
material strength on fracture surface topography, 

 Deduction of hydrogen dependent degradation criteria for each weld 
microstructure, 

 Experimental determination of hydrogen effusion of BM and simulated HAZ 
microstructures at room temperature and elevated temperatures, 

 Calculation of microstructure specific apparent hydrogen diffusion coefficients, 
 Determination of hydrogen solubility and trapped HD at elevated temperatures, 
 Evaluation of experimental boundary conditions (charging parameter) and 

specimen heating on apparent hydrogen diffusion coefficients and 
 Improvement of CGHE technique in terms of calculation of hydrogen diffusion 

coefficients derived from hydrogen determination via MS. 
 
For all hydrogen experiments, an electrochemical hydrogen charging procedure was used. 
In case of T24 WM microstructure, specimens were additionally charged via shielding gas 
of TIG-process to simulate hydrogen absorption during welding. For example, this has to be 
considered in case of on-site welding conditions at constructions sites. For all experiments, 
the corresponding HD was determined with CGHE. Based on that, the temperature 
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dependent hydrogen diffusion was identified. The majority of CGHE experiments were 
carried out with TCD-based analyzer. Since 2013, an analyzer with coupled MS was used 
for additional diffusion experiments. The main advantage of the MS is advanced resolution 
for reliable hydrogen determination and in terms or low hydrogen effusion rate (i.e. effusion 
at low temperatures). The next chapter shows the examined LA bainitic steel grades, the 
applied experimental methods for hydrogen charging and determination as well as the 
calculation methods for the corresponding hydrogen diffusion coefficients. 
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4 Experimental 

4.1 Characteristics of Examined Steel Grades 
4.1.1 Overview and Nomenclature 

The classification of the examined steel grades is based on their application: in reactor 
pressure vessel (RPV) and in coal-fired power plants. First, the examined RPV steel grades 
are listed in Table 4-1. 
 
Table 4-1: Nomenclature of examined RPV steel grades in accordance to EN, AFCEN and ASTM 

standards 

Applied 
name 

Standard 
EN Ref. AFCEN11 Ref. ASTM Ref. 

16MND5 1.6311 / 
20MnMoNi5-512 [306] 16MND5 [307] SA 508 Gr. 3 [308] 

20MND5 N/A N/A 20MND5 [309] N/A N/A 

 
In accordance to French AFCEN standards [307,309], the nomenclature “16MND5” and 
“20MND5” is applied in this thesis. 
 
Table 4-2 shows the corresponding standards of the creep-resistant steels T24 and T22. 
Depending on application (plate or tube material), different chemical compositions are fixed 
in the specifications. Table 4-2 shows the corresponding standards (and specifications for 
T24 WM). 
 
Table 4-2: Nomenclature of examined creep-resistant grades in accordance to EN and ASTM codes 

Applied name 
Standard 

EN Ref. ASTM Ref. 

T24 

1.7378 / 
7CrMoVTB10-10 T/P24 

Plate 
Tube/Pipe 
GTAW rod 

N/A 
[310] 
[311] 

Plate 
Tube/Pipe 
GTAW rod 

N/A 
[312] 

[312]13 

T22 

1.7380 / 
10CrMo9-10 T/P22 

Plate 
Tube/Pipe 

[313] 
[310] 

Plate 
Tube/Pipe 

[312] 
[312] 

 
As shown in Table 4-1, different nomenclature is applied for LA bainitic RPV grades 
16MND5 and 20MND5 in accordance to the national standards and regulations [306-308]. 
Currently, 20MND5 is standardized only in French AFCEN standard [309]. The reason is 
the relatively novelty of 20MND5. In this thesis, the major part of experiments (for Mn-Mo-Ni 

                                                           
11  AFCEN - French Association for the Design, Construction and Operating Supervision of the 

Equipment for Electronuclear Boilers 
12 Equivalent to 20MnMoNi4-5 
13 Specifications not standardized yet, but in accordance to mentioned reference 
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steel grades was conducted with 16MND5 due to its manifold application in nuclear 
engineering [6,7]. Nevertheless, uncertainties in the mechanical properties of a RPV bottom 
plate (made from forged thick-walled Mn-Mo-Ni grade) occurred in 2015 [27,28]. This 
emphasizes the timelineness of necessary further investigations of RPV material behavior  
 
As shown in Table 4-2, the nomenclature of Cr-Mo-V steel grades varies in accordance to 
EN [310,311,313] and ASTM standard [312]. In the present thesis, the nomenclature “T24” 
is used for 7CrMoVTiB10-10 as representative for LA bainitic Cr-Mo-V steel and “T22” is 
used for Cr-Mo steels. The majority of experiments with the creep-resistant steel grades 
were conducted with T24. The intention was to contribute to further clarification of the failure 
mechanisms appeared in T24 on-site welded TIG joints [13,17,18,24].  
 
 
4.1.2 Chemical Composition and Microstructure 

Chemical composition 

All examined steel grades have the LA concept in common. This encompasses that 
maximum alloy content of single element is limited to maximum 5 weight-percent. The next 
tables show the different chemical compositions of the RPV steels (Table 4-3) and the 
creep-resistant steels (Table 4-4). The experimentally determined values were obtained by 
use of (glow discharge) optical emission spectroscopy (OES). The corresponding nominal 
chemical composition is given for comparison in the corresponding row below the  
OES-values (in accordance to the mentioned references). The main alloying elements are 
indicated by grey colored boxes. 
 
Table 4-3: Nominal and OES measured chemical composition of examined RPV steels (amounts 

given in weight-%, Fe - balance) 

Grade C Mo Mn Ni Si V Al Cr Cu P+S 

16MND5 
- OES - 

0.22 0.50 1.45 0.63 0.23 0.002 0.02 0.18 0.05 0.004 

16MND5 
[306,307] 

0.20 
0.45    

–    
0.55 

1.15   
–      

1.55 

0.50   
–    

0.80 

0.10    
-    

0.30 

0.010 
max 

0.04 
max 

0.25 
max 

0.20 
max 

0.016 
max 

20MND5 
- OES - 

0.22 0.47 1.42 0.59 0.26 0.003 0.02 0.20 0.01 0.005 

20MND5 
[309] 

0.22 
0.46    

-     
0.60 

1.20   
–    

1.50 

0.40   
–    

1.00 

0.15    
–     

0.30 

0.010 
max 

0.04 
max 

0.25 
max 

0.20 
max 

0.016 
max 

 
As shown in Table 4-3, the RPV grades 16MND5 and 20MND5 are LA steels with  
C-Mn-Mo-Ni as main alloying elements. In addition, LA Mn-Mo-Ni steels are state of the art 
for RPV components. In the past, several affords were made to replace 16MND5 by  
20MND5, which shows improved mechanical properties in conventional nuclear reactor 
environment with operational temperature of approximately 330°C for PWRs [309] or 288°C 
BWRs [314]. 
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In contrast to the RPV grades, Cr-Mo-V steel T24 and Cr-Mo steel T22 are used at elevated 
temperatures (above 300°C). For example, 560°C is defined as maximum safe operational 
temperature for the T24 grade [8,9,103]. The nominal and measured chemical composition 
of T24 and T22 is given in Table 4-4. In addition, the chemical composition of T24 weld 
metal (TIG weld joints) is given in the same table. 

Table 4-4: Nominal and OES measured chemical composition of examined creep-resistant steels 
(amounts given in weight-%, Fe -balance) 

Grade C Cr Mo V Ti B Al Mn Si P+S 

T24 
- OES - 

0.08 2.44 1.00 0.26 0.07 0.005 0.01 0.52 0.25 0.008 

T24 
[310] 

0.05 
– 

0.10 

2.20 
– 

2.60 

0.90 
– 

1.10 

0.20 
– 

0.30 

0.05 
– 

0.10 

0.002 
– 

0.007 

0.20 
max 

0.30 
– 

0.70 

0.15 
– 

0.45 

0.030 
max 

T22 
- OES - 

0.10 2.15 0.95 N/A N/A N/A 0.03 0.56 0.26 0.020 

T22 
[313] 

0.08 
– 

0.14 

2.00 
– 

2.50 

0.90 
– 

1.10 
N/A N/A N/A N/A 

0.40 
– 

0.80 

0.50 
max 

0.03 
max 

T24 WM 
- OES - 

0.07 2.52 1.00 0.26 0.04 0.002 0.01 0.52 0.24 0.008 

T24 WM 
[103,105,318] 

0.05 
– 

0.09 

2.10 
– 

2.60 

0.80 
– 

1.10 
0.25 

0.03 
– 

0.09 
0.005 

0.05 0.30 
– 

0.80 

0.15 
– 

0.45 

0.010 
max 

Compared to Cr-Mo T22 grade, the T24 has an additional alloying of V, B and/or Ti to the 
chemical composition resulting in advanced long-term creep resistance at elevated 
temperatures [8,9,103,105]. In addition, the C content of the T24 was limited (maximum 
0.01 weight-percent) to improve the weldability and for avoidance of necessary post weld 
heat treatment (PWHT). If welding thin-walled plates or tubes with a thickness ≤ 10 mm, a 
maximum hardness of 350HV should be ensured [103,105,318]. 

All four investigated BM grades are subjected to certain heat-treating procedure consisting 
of austenizing, quenching and tempering followed by subsequent cooling. Table 4-5 shows 
the different heat treatment steps. 

Table 4-5: Heat treatment steps for examined base material grades in accordance to corresponding 
reference [307,309-313] 

Grade 
Heat treatment steps 

Austenitization 
[°C] Quenching  Tempering 

[°C] Cooling 

16MND5 900 Water 650 Air
20MND5 900 Water 640 Air
T24 BM 1,000 Water 750 Air 
T22 BM 950 Water 700 Air 
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BM Microstructures 
The next figures show cross sections of the examined Mn-Mo-Ni grades. In accordance to 
the heat treatment, the initial microstructure of both 16MND5 (Figure 4-1-a) and 20MND5 
(Figure 4-1-b) consist of tempered bainite accompanied by small amounts of martensite in 
accordance to the references [82,307]. In accordance to [8,9,72], the creep-resistant steels 
T24 (Figure 4-1-c) and T22 (Figure 4-1-d) show a tempered bainitic or bainitic/ferritic 
microstructure. In general, all four examined microstructures show a microstructure with 
very fine grains which contributes to the excellent mechanical properties in terms of 
strength and ductility (see Table 4-7 on page 88). 

Figure 4-1: Microstructures of examined BM grades: (a) 16MND5, (b) 20MND5, (c) T24, 
(d) T22 

In contrast to the RPV grades and the T24, T22 consisted of a mixed microstructure of 
bainite (B) and ferrite (F). The bainite is indicated by many elongated carbides (indicated by 
the dashed orange arrows in Figure 4-1-d) compared to the less carbon bearing ferrite. 
Typical carbides are Cr or Mo-rich compounds, which contribute to the creep resistance 
[68,69].  

In case of T24, a fully bainitic microstructure was identified (Figure 4-1-c). In contrast to the 
T22, the T24 grade seems to contain less carbides. For explanation, it was suggested that 
T24 contains strong carbide formers like V, Ti and B. They form carbides, which precipitate 
in nm-scale [77]. Hence, they cannot be identified using conventional optical light-
microscopy. It is well known that these carbides are responsible for the advanced creep-
strength of T24 [8,9,16,20,68,75,77]. Nevertheless, larger precipitates in µm-scale can be 

a) b) 

c) d) 

F 

B Inclusion 

20 µm 20 µm 

20 µm 20 µm 
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identified along grain boundaries and within the sub-grain microstructure (small black dots, 
indicated by orange dashed arrows in Figure 4-1-c). However, these precipitates have 
complex chemical composition covering the whole range of alloying elements. 

The entire carbide structure in a microstructure of LA bainitic steel is very complex. This is 
independent of Mn-Mo-Ni LA concept [46,47,51,52] or Cr-Mo/Cr-Mo-V LA concept 
[68,69,77,79]. Even if the carbides and their structure are determined exactly, it is difficult to 
distinguish between the single influence of carbides on a certain hydrogen trapping 
compared to additional features like grains size, etc. (as shown in chapter 2.4.9). In 
particular, V-rich carbides with the structure “VC” are nano-sized and cannot be proven 
directly by optical microscopy [239,240]. Hence, a further characterization of the carbides of 
examined steel grades (for example with TEM) was not applied. Nevertheless, a 
characteristic property of T24 grade was the appearance of macro-sized inclusion as 
indicated in Figure 4-1-c (white solid arrow). Conducted SEM analysis with combined EDX 
revealed a Ti-rich complex chemical composition of the inclusion (or additional referred in 
Figure 5-45 on page 145). In addition, the inclusions show characteristic shape 
characterized by sharp edges. This is in accordance to the findings for Ti-V bearing high-
strength LA constructional steels [315,316].  

Vickers hardness 
All BM grades were subjected to Vickers hardness testing with a test load of 4.9 N (HV0.5). 
The average hardness of all four examined materials is listed in Table 4-6. 

Table 4-6: Average Vickers hardness of examined BM grades 

Hardness 16MND5 20MND5 T24 T22 
   HV 0.5 200 205 220 190 

HV 5 195 210 - - 

A remarkable difference in the hardness was obtained for T24 and T22. Although T24 has 
decreased carbon content (0.07 %), the hardness is higher compared to T22. The reason is 
the already mentioned alloying of V, Ti and B. These elements form very fine nano-sized 
precipitates in grains as well as along the grain boundaries [8,9,16,20,68,77]. This leads to 
a remarkable precipitation strengthening of the microstructure and increases the hardness. 
For both RPV grades (16MND5 and 20MND5), additional HV5 measurements were 
conducted in accordance to recommended industrial practice. The test force of 4.9 N 
(HV0.5) and 49 N (HV5) showed similar values. As a result, the HAZ microstructures of 
16MND5 were tested also with HV5 test force condition. However, the similarity in hardness 
of HV5 and HV0.5 allows the correlation of the hardness of the examined RPV grades 
(HV5) to the Cr-Mo-V grades (HV0.5).  

4.1.3 Mechanical Properties at Room and Elevated Temperatures 

Mechanical properties at room temperature 
Table 4-7 shows the obtained yield strength (YS) “Rp0.2”, maximum tensile strength “Rm” 
and the minimum fracture strain “A5” of the examined steel grades in accordance to the 
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necessary nominal values of corresponding standards. The experimentally obtained are 
shown for comparison in the columns on the right of Table 4-7. 

Table 4-7: Nominal vs. measured mechanical properties 

Grade 
(with corresponding reference) 

Nominal This work
Min. 

Rp0,2 in
MPa 

Rm 

 in 
MPa 

Min. 
A5 in
% 

Rp0,2

in  
MPa

Rm  
in 

MPa 

A5 

in 
% 

16MND5 [306,307,317] 400 560 - 670 20 480 614 23 
20MND5 [309] 420 620 - 795 20 560 700 22 

T24 [8,310] 450 585 - 840 17 590 673 22 
T22 [313] 310 480 - 630 18 520 612 26 

T24 WM I [103,318] 630 - 870 800 - 940 15 727 950 17 
 T24 WM II14 [103,311,318] 510 - 590 660 - 705 17 N/T 15 N/T N/T 

All four examined BM grades are high-strength steels although they have different chemical 
compositions. They show very good strength with adequate ductility. In addition, T24 WM 
was investigated in “as-welded” condition (WM I) due to the intended avoidance of PWHT. 
For comparison, the tempered condition of T24 WM (II) is shown in Table 4-7 to emphasize 
the effect of a subsequent PWHT. This effect is expressed by decrease of strength to 
adequate values accompanied by increasing ductility. 

Mechanical properties at elevated temperatures 
The examined steel grades have to show good strength at the desired operational 
temperature level (examples listed in Table 2-1 on page 8). Figure 4-2 compares 
temperature influenced minimum YS of the examined steel grades. The temperature 
influenced “Rp0.2” (i.e. creep-rupture strength) represents the major design criterion for 
component constructions. 

References: 

16MND5:  [306,317] 

T24:          [8,9,310] 

T22:          [9,313] 

Figure 4-2: Temperature dependent minimum “Rp0.2” of investigated base materials 

14 Tempered condition (730°C at 2 h) 
15 N/T not tested 
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T22 shows the lowest minimum “Rp0.2” at elevated temperatures. The RPV grade 16MND5 
shows comparable high-temperature YS compared to T24. Although RPV steels show 
comparable (creep-) strength at elevated temperatures, they are not used in fossil-fired 
power plants. For example, this is due to the reduced smoke gas corrosion resistance 
compared to Cr-Mo steels [8,56]. At high operational temperatures, the T22 and T24 show 
better corrosion resistance than Mn-Mo-Ni alloys. The weldability plays a major role due to 
plate thickness in case of welding shells for RPV construction (up to possible plate 
thickness of 250 mm) [7,34]. 

 

4.2 Simulation of HAZ Microstructures 
4.2.1 Experimental Setup 

Generally, the width of the occurring HAZ is relatively small and depends on weld heat 
input, thermal conductivity of the material and a few others. This results in a variety of 
inhomogeneous microstructures due to cooling rates up to several 100 K/s. The weld HAZ 
microstructures were obtained by defined heat treatment in accordance to welding 
procedures by inductive heat treatment. The next chapter shows the experimental 
equipment for the heat treatments and the conducted time-temperature-cycles (TTC). 

Figure 4-3 shows the used experimental setup. The setup includes a power supplier (Linn 
Hightherm, not shown in figure), high frequency (HF) generator and an inductor set which is 
connected with the inductor coil. The power supplier allowed controlling the actual induced 
electrical power and time. 
 

  
Figure 4-3: Electromagnetic inductor: (a) Experimental setup, (b) Assembled specimen holder with 

gas flow nozzles and pyrometer 

Gas 
nozzles 

Specimen 

Thermo-
couple 

Inductor 
coil 

Pyrometer 
position 

Specimen 
holder 

Gas-
quenching 
system 

a) b) 
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The specimen temperature was recorded during heat treatment cycle using a Sensortherm 
Metis PQ22 two-color ratio pyrometer. It had a detection range from 350°C to 1,500°C and 
it allowed contact-free temperature measurement. For reliability of the pyrometer 
measurements, previous specimens were investigated with applied type-K thermocouple. 
The thermocouple had to be spot-welded on the specimen surface in the center region at 
which (equivalently) the pyrometer temperature measurement was conducted. Additionally, 
it had to be placed exactly perpendicular to longitudinal axis of the inductor coil, i.e. parallel 
to the electro-magnetic field lines. The comparison of both temperature curves (pyrometer 
vs. thermocouple) showed a deviation of less than 1 %. As a result, the pyrometer was 
used for further heat treatment experiments due to good agreement of both temperature 
curves. 
 
After reaching the corresponding peak temperature (and a holding time of approx. 5 s), the 
specimens were cooled down (or gas-quenched) using the gas nozzles perpendicular to the 
longitudinal axis of the specimen (as shown in Figure 4-3-b). Metallographic cross sections 
with additional hardness tests confirmed the homogeneity of the simulated microstructures 
within the necessary range of 50 mm in semi-finished specimen for machining the tensile 
specimens. Figure 4-4 shows the dimensions of semi-finished specimen used for thermal 
simulation of the corresponding HAZ microstructures. 
 

 
Figure 4-4: Basic geometry of simulated HAZ semi-finished specimen with indicated heat-treated 

volume (dimensions in mm) 
 

Previously conducted heat treatment experiments showed that a martensitic microstructure 
could be achieved easily with specimen diameter of 6 mm. It was difficult to achieve an 
extended cooling time for bainitic microstructure due to self-quenching effect of the small-
sized specimen volume. Additional experiments showed that the desired cooling time can 
be achieved by a diameter of 8 mm. The reason is the expansion of the specimen volume 
with the increase of the total energy leading to a decreased cooling rate. By adjusting inert 
gas flow rate, the desired cooling time was achieved with an accuracy of ± 0.2 s.  
 
 
4.2.2 Applied Time-Temperature-Cycles 

As mentioned, a wide choice of welding techniques is applied in RPV component 
fabrication like SAW and TIG welding. Depending on the welding parameters (for example, 
local heat input or welding sequence with respect to the plate thickness) different weld 
microstructures can occur. For the assessment of hydrogen effect on degradation of the 
mechanical properties, two peak temperatures were applied to simulate a mostly coarse-
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grained HAZ (CHAZ) and a fine-grained HAZ (FHAZ) microstructure. The CHAZ and FHAZ 
were thermally simulated for the Mn-Mo-Ni grade 16MND5 and Cr-Mo-V grade T24. 
 
 
4.2.2.1 Simulated 16MND5 HAZ Microstructures 

For the 16MND5, two different cooling rates were used. For the simulation of bainitic 
microstructure, a slow cooling condition was used that represents a welding technique with 
high heat input like SAW. A mostly martensitic microstructure was achieved by fast cooling 
representing a welding technique like TIG (compared to SAW). The corresponding cooling 
condition was realized with the gas-quenching system shown in Figure 4-3. For prediction 
of occurring microstructures, the necessary cooling time was chosen in accordance to the 
16MND5 CCT diagram, which is shown Figure 4-5 [94]. 
 

 
Figure 4-5: Continuous cooling transformation diagram of the 16MND5 [94] 
 
As shown in Figure 4-5, 16MND5 has relatively low austenitization temperature (Ac3) during 
heating. During cooling, austenite transforms over a wide range of cooling rates to bainite. 
In case of higher cooling rate, bainitic transformation is suppressed resulting in the 
formation of martensite with higher hardness. Table 4-8 shows the used heat treatment 
parameters for the four different simulated microstructures (I to IV). Figure 4-6 to Figure 4-9 
show representative time-temperature curves for the corresponding microstructures. 
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Table 4-8: Heat treatment parameters of simulated 16MND5 HAZ microstructures 

Microstructure No. I II III IV 
Zone CHAZ CHAZ FHAZ FHAZ 

Peak temperature TP in °C 1,200 1,200 1,000 1,000 
Microstructure Bainitic Martensitic Bainitic Martensitic 

Approx. t8/5 time in s 70 7 58 7 
Cool. rate in K/s 4.3 42.3 5.2 42.3 
Hardness HV5 275 448 269 393 

 

 
Figure 4-6: Time-temperature curve - No. I 

(16MND5 Bainitic CHAZ) 

 
Figure 4-7: Time-temperature curve - No. II 

(16MND5 Martensitic CHAZ) 

 
Figure 4-8: Time-temperature curve - No. III 

(16MND5 Bainitic FHAZ) 

 
Figure 4-9: Time-temperature curve - No. IV 

(16MND5 Martensitic FHAZ) 
 
The cooling rate from 800°C to 500°C was approximately 50 K/s for the martensitic HAZ 
microstructures (No. II and IV) and was 4 K/s to 5 K/s for the bainitic HAZ microstructures 
(No. I and III). According to the 16MND5 CCT diagram (Figure 4-5), the hardness of the 
simulated microstructures was comparable. A cooling rate of 4 K/s in the CCT predicted a 
hardness of approximately 280HV5, which is comparable to the obtained simulated bainitic 
HAZ (CHAZ: 275HV5 and FHAZ: 269HV5). The cooling rates from 40 K/s to 60 K/s lead to 
hardness in the range from 400HV to 450HV, which was in accordance to the simulated 
martensitic microstructures (CHAZ: 448HV5 and FHAZ: 393HV5). The next figures show 
the obtained microstructures in accordance to the applied time-temperature cycles. 
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Figure 4-10: Simulated 16MND5 HAZ microstructures: (a) Bainitic CHAZ, (b) Martensitic CHAZ, 

(c) Bainitic FHAZ, (d) Martensitic FHAZ 
 
In accordance to [319], a cooling rate ≤ 1 K/s down from peak temperature of 1,100°C was 
supposed to result in bainitic microstructure (mixture 95 % bainite + 5 % martensite ).  
A cooling rate of 10 K/s resulted in a mostly martensitic microstructure (92 % martensite  
+ 8 % bainite). These values are slightly lower compared to the temperature gradients 
shown in Figure 4-10. Nevertheless, the reported yield strength of this FHAZ in [319] is 
significantly lower compared the simulated bainitic FHAZ in this thesis (see results in 
chapter 5). It was assumed that residual amount of martensite occurs in a bainitic FHAZ  
(20 % volume fraction in accordance to the previous mentioned study). A similar behavior 
was determined for the CHAZ. Nevertheless, the predominantly volume fraction is bainite. 
This microstructure is called “bainitic FHAZ and CHAZ”. For further contemplations, a 
bainitic microstructure is abbreviated with “B” and a martensitic microstructure with “M”.  
 
Independent of the TTC, each microstructure was in “as-quenched” condition without further 
heat treatment, since these microstructures represent possible HAZ microstructures which 
are sensitive to HAC.  
 
 
4.2.2.2 Simulated T24 HAZ Microstructures 

T24 boiler tubes (and water wall panels) are mainly welded by manual TIG at construction 
site. Hence, a more or less fast cooling occurs in the TIG weld joint due to the localized 
heat-input compared to the large-scale components (i.e. high cooling rate). For comparable 
results, it was decided to simulate microstructures with similar cooling speed  

d) 

a) b) 

c) 

20 µm 20 µm 

20 µm 20 µm 
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resulting in a relatively high (expected) hardness. Figure 4-11 shows the CCT of T24 in 
accordance to [9]. 
 

 
Figure 4-11: Continuous cooling transformation diagram of the T24 [9] 
 
As shown in Figure 4-11, T24 shows a bainitic microstructure for a wide range of cooling 
rates. With increasing cooling speed, residual martensite volume fraction increases 
resulting in a mixture of bainite and martensite. Nevertheless, martensite with a maximum 
hardness of 361HV10 can occur. This value is the predicted maximum hardness in the HAZ 
without further PWHT [9,72,79]. Thus, the HAZ was simulated with a relatively short  
“t8/5”-time of 5 s to 6 s for both CHAZ and FHAZ. Table 4-9 presents the parameters used 
for the different heat treatments. Figure 4-12 shows the corresponding time-temperature-
curve for simulation of T24 CHAZ and Figure 4-13 shows T24 FHAZ microstructure. 
 
Table 4-9: Heat treatment parameters for simulation of T24 HAZ microstructures 

Microstructure No. I II 
Zone CHAZ FHAZ 

Peak temperature TP in °C 1,200 1,000 
Microstructure Martensitic Martensitic 

Approx. t8/5 time in s 5 - 6 5 - 6 
800°C to 500°C in K/s 50 - 60 50 - 60 
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Figure 4-12: Time-temperature curve of 

simulated T24 CHAZ

 
Figure 4-13: Time-temperature curve of 

simulated T24 FHAZ
 
Figure 4-14 show the cross-sections of simulated T24 HAZ microstructures. Figure 4-14-a 
shows the CHAZ and Figure 4-14-b shows the FHAZ. The orange arrows indicate the 
already mentioned Ti-rich inclusions in case of the T24. They showed the typical 
rectangular shape and reach dimensions of several µm. 
 

 
Figure 4-14: Simulated T24 HAZ microstructures: (a) CHAZ, (b) FHAZ 
 
In accordance to Figure 4-11 (CCT diagram), both simulated HAZ microstructures showed 
a mixture of bainite and martensite within a certain range of cooling rates. The volume 
fraction of martensite was estimated with 60 % to 70 % with Vickers hardness of 
approximately 350HV0.5. This was confirmed for both simulated T24 CHAZ and FHAZ 
microstructures by maximum hardness of 350HV0.5. Nevertheless, single hardness peaks 
of 370HV0.5 were obtained in both microstructures. However, both HAZ microstructures 
showed fine lamellar substructures within the grain structure. Especially in the CHAZ, grain 
boundaries were identified very well. The manifold small black dots in Figure 4-14-a 
represent diverse dispersed precipitates. 
 
 

Inclusion 

Inclusion 

a) b) 

20 µm 20 µm 
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4.3 T24 Weld Metal Specimens 
4.3.1 Manual TIG Welding 

T24 Weld metal specimens were produced for comparison to real on-site weld joints with 
similar parameters [16]. For this purpose, T24 plates were manually TIG-welded in PA 
position. The initial sheet metal had a plate thickness of 7.1 mm and, width of 80 mm and a 
length of 160 mm. Figure 4-15 shows the used weld seam geometry and the locations of 
the extracted longitudinal tensile specimens as well as for diffusion experiments. The used 
welding parameters are listed (subsequently to the figure) in Table 4-10. 
 

 
Figure 4-15: Weld geometry (three layer technique with one root pass and two filler passes) 
 
Table 4-10: Welding parameters of T24 weld joints 

Parameter Root 1st layer 2nd layer 

Voltage in V 16 19 19 

Current in A 90 120 120 

 
In accordance to the real conducted on-site welding in power plants, the produced weld 
seams (under laboratory conditions) are in as-welded condition without further PWHT 
[9,72,79]. By respective hardness measurements it was ascertained that Vickers hardness 
in the WM and HAZ did not exceed 350 HV. Subsequently, WM tensile specimens and 
specimens for diffusion experiments with experiments were extracted from weld seams 
without PWHT. In advance, each weld seam was subjected to non-destructive X-ray 
inspection for avoidance of initial failures like cracks or inclusions before machining.  
A representative weld joint is shown in Figure 4-16-a, part b shows the typical magnified 
WM microstructure. 
 

  
Figure 4-16: T24 weld joint: (a) Weld joint, (b) Magnified WM microstructure 

a) b) 

40 µm 3 mm 
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For the necessary permeation specimens, initial plate thickness of 7.1 mm was insufficient 
for machining specimens with a necessary diameter of at least 16 mm. Hence, two T24 
plates with a thickness of 10 mm were tack-welded to a plate with doubled thickness of  
20 mm. Subsequently, these plates were filled-welded with TIG using the parameters in 
accordance to Table 4-10 and the same weld joint geometry (see Figure 4-15). Figure 4-17 
shows the cross section of the 20 mm thick weld joint. 
 

 
Figure 4-17: T24 - 20 mm weld joint for permeation specimens 
 
The dashed red line in Figure 4-17 indicates the location of the extraction area for 
permeation specimens. The 2 mm gap between plates enabled the extraction of at least 
two pure WM specimens with final thickness of 0.5 mm via wire-cut EDM (electro discharge 
machining) within the mentioned extraction area in the figure. 
 
 
4.3.2 Automatic TIG Welding 

The WM specimens (described in the last preceding chapter) were electrochemically 
hydrogen charged for tensile and diffusion experiments. Unfortunately, this procedure 
cannot reproduce more realistic hydrogen absorption during a real weld process. For this 
purpose, in-situ hydrogen charging was performed during welding. A TIG welding torch was 
used for remelting of T24 BM samples for production of WM condition. For simultaneous 
hydrogen charging, a gas mixture of Ar-based shielding gas was applied with different 
additions of gaseous hydrogen (2.5 % and 5 %). The weld experiments were carried out 
with welding current of 180 A, 30 V arc voltage and 1 mm/s welding travel speed. These 
values corresponded to a weld heat input of 5.4 kJ/mm. 
 
Figure 4-18-a shows the dimensions of a welded specimen carrier, which contains three 
subsequently extracted specimens (blue colored region). The WM specimen carrier  
(Figure 4-18-b) was quenched in ice-water immediately after welding and stored in liquid 
nitrogen. The intrinsic WM specimens were extracted by water jet cutting. They had the 
dimensions of 4 mm width, 4 mm height and 10 mm length. Before cutting, they were de-
frosted to ambient temperature in acetone within 60 s. The cutting process required 
approximately 60 s. Hence, the total transfer time from liquid nitrogen to liquid nitrogen 
again was less than 2 minutes. By comparison with electrochemical charged samples, a 
total hydrogen loss of 10 % was accounted to that specimen preparation procedure. 

10 mm 
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Figure 4-18: Remelted T24 BM for gaseous hydrogen charging: (a) Schematic view and dimensions 
of specimens in carrier, (b) Welded specimen carrier 

 
This procedure for specimen fabrication via wire-cut EDM was partly developed in a 
diploma thesis elsewhere [320]. The HD in the specimens was determined in accordance to 
ISO 3690 [280] with by use of CGHE with TCD. Finally, the determined hydrogen 
concentration was corrected to the weld seam volume obtained from metallographic cross 
sections (melted area of the 4 x 4 mm cross section). 
 
 
4.4 Tensile Test 
Tensile tests were performed to determine the hydrogen degradation effect on the 
mechanical properties. An Instron 8520 test facility was used with a constant load velocity 
of 1 mm/min (equals a strain rate of 8.4*10-4*s-1). During the test, the tensile force was 
recorded and the evolving elongation was measured with a clip gauge in the gage length. 
All data were captured and stored with a triggered data logging system. The yield strength 
(YS  ”ReH” or “Rp0.2”) the ultimate tensile strength (UTS  “Rm” and the corresponding 
fracture strain (“A”) were calculated from the experimentally obtained data (shown in  
Figure 4-19). The corresponding reduction of area (“Z”) was calculated by five-time 
magnified fracture surface using optical microscope with image capturing software. 
 

b) a) 
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Figure 4-19: Stress-strain-curves of ductile materials: (a) Ductile materials with defined yield strength, 

(b) Less ductile materials with offset yield point 
 
Typically, (quenched) and tempered base materials show a well-defined yield strength  
(“ReH” - upper yield strength and “ReL” - lower yield strength) characterized by plastic 
deformation within Lüders extension as shown in Figure 4-19-a. In contrast, quenched HAZ 
specimens mostly showed non-pronounced YS (Figure 4-19-b) As a result, the equivalent 
offset YS “Rp0.2” was calculated using the 0.2 % offset from the original stress-strain-curve. 
 
The used tensile specimen geometry was adapted from conventional tensile test fixed in 
ISO 6982-1 [321] and from specimens used for SSRT (slow strain rate test) [322,323]. 
Previous experiments revealed that a diameter 3 mm in the gage section of the tensile 
specimen represented a very good compromise considering mechanical properties of the 
materials and a sufficient hydrogen charging time. The reason is that an increasing 
diameter causes an increase of the diffusion distance. Hence, the necessary charging time 
would increase to reach a homogenous distribution of hydrogen in the specimen  
(i.e. negligible HD gradient between bulk material and specimen surface). Figure 4-20 
shows specimen geometry based on smooth round tensile specimens. In case of simulated 
HAZ, the specimens were machined from semi-finished heat-treated samples in 
accordance to chapter 4.2.1 - “Experimental setup for HAZ simulation”. 
 

 
Figure 4-20: Tensile specimen geometry 
 
After hydrogen charging, the specimens were stored immediately in liquid nitrogen  
at -196°C to prevent hydrogen from effusing until tensile test was conducted. Before tensile 



4 Experimental 

100  BAM-Dissertationsreihe 

test, each specimen was defrosted in acetone with a warm-up time of approximately 60 
seconds to achieve ambient temperature of 20°C. The total transfer time from interruption 
of hydrogen charging to final tensile test was maximum 180 seconds. One half of the 
fractured specimen was stored in liquid nitrogen again for later analysis of corresponding 
HD in the specimen. Before hydrogen determination, the fractured part of the gage section 
was cut off the fractured specimen. Hence, it was ensured that only hydrogen is measured 
which was involved in the degradation of the accounted mechanical properties. Depending 
on the examined material grade, a maximum hydrogen loss of approximately 10 % was 
ascertained by representative CGHE measurements. The second half of the specimen was 
used for fractography analysis by scanning electron microscope (SEM). 
 
 
4.5 Hydrogen Charging 
4.5.1 Experimental Setup 

In general, hydrogen charging was conducted by galvanostatic charging method (constant 
applied electric current, i.e. current density). A glass vessel was filled with an aqueous 
electrolyte which consisted of 0.1 M sulphuric acid (H2SO4) and 0.05 M sodium arsenate 
(NaAsO2). The sulphuric acid generated atomic hydrogen by dissociation of hydronium 
(H3O+) ions in accordance to Equation 2-1 (Volmer reaction for acids, shown on page 27). 
The generated hydrogen was adsorbed at the specimen surface and absorbed into the bulk 
material or recombines to molecular hydrogen. NaAsO2 acts as inhibitor to prevent the 
adsorbed hydrogen to recombine to molecular gaseous form at specimen surface. The 
specimen itself acts as working electrode (abbreviated with “WE” = cathode, negatively 
polarized) and a platinum electrode (Pt 1800 Schott) acts as counter electrode  
(“CE” = anode, positively polarized). The transport of hydrogen ions between electrolyte 
and specimen surface is determined by certain potential. During cathodic charging this 
potential was adjusted to a defined value using the Pt electrode [254,324]. 
 
The adjusted current was controlled with a Galvanostat (Bank Elektronik Wenking TG 97). 
The value of the corresponding charging current density (in mA/cm²) was calculated by 
dividing the adjusted current (in mA) through the effectively charged specimen surface  
(in cm²). Figure 4-21 shows the experimental setup of used cathodic charging equipment. 
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Figure 4-21: Cathodic charging - setup (charging of tensile specimens): (a) Schematic, (b) Real 
charging cell, (c) Magnified cell 

 
The charged hydrogen concentration was assumed to be uniformly distributed in the 
specimen by using appropriate parameters. This was achieved by full saturation of the 
specimen due to a defined set of charging parameters (current density and charging time) 
resulting in a saturated hydrogen level. The specimen was labeled “saturated if a further 
increase of the charging time did not result in further increase of charged hydrogen 
concentration (± 10 %). Nevertheless, BM and HAZ show changed hydrogen solubility. In 
other words, the used charging parameters are directly linked with the microstructure. The 
next section gives a brief summary of the applied charging parameters vs. the investigated 
microstructure. 
 
 
4.5.2 Charging Parameter Sets 

In accordance to the experimental procedures, specimens were charged with certain 
experimental boundary conditions. The two main boundary conditions were the avoidance 
of prior hydrogen induced damage inside the specimens and second possible corrosive 
layers on the specimen surface. For the first boundary condition, charging current density 
must be controlled and monitored carefully. Otherwise, material defects like blisters can 
occur [236]. The second boundary condition is controlled by keeping the charging current 
density above a critical level, which is dependent on material specific current 
density/potential curves. If not, distinct corrosion reactions can occur resulting in undesired 
formation of corrosive layers. The applied charging parameters for the different examined 
specimen types and microstructures are listed in the next paragraph. 
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Tensile specimens 
It was ascertained by previous experiments that the adjusted charging current density was 
the major charging parameter to reach a defined HD level. The reason was that higher 
charging current density results in higher sub-surface hydrogen concentration in the 
specimen. As a result, varied hydrogen concentrations were achieved by different charging 
current densities within certain charging time. Table 4-11 shows a survey of the used 
charging parameters. 
 
Table 4-11: Representative charging parameters ranges for tensile specimens (parameters for CGHE 

experiments are given in bold letters) 

Parameter 
16MND5 

(20MND5) 
BM 

16MND5 
(all) 
HAZ 

T24 
(T22) 
BM 

T24 
(all) 
HAZ 

T24 
 

WM 

Current density in 
mA/cm² 

(time in h) 

0.60 (48) 0.60 (24) 0.50 (48) 1.50 (16) 0.50 (24) 

10.00 (48) 1.50 (24) 3.75 (48) 1.50 (24) 1.30 (24) 
20.00 (48) 10.00 (24) 50.00 (48) 10.00 (24) 3.75 (24) 

 
Above Table 4-11 shows the optimized parameters based on numerous previous charging 
experiments. The microstructure specific ranges were necessary to study hydrogen effect 
on mechanical properties with different hydrogen concentrations. Hence, each 
microstructure had its own charging parameter set. In advance, the influence of the 
mentioned charging parameters was investigated by optical microscopy examination of 
cross section and specimen’s surfaces to exclude possible corrosive layers or surface 
material defects like blisters. 
 
Diffusion at elevated temperature (CGHE experiments) 
Diffusion experiments using the CGHE were conducted with hydrogen charged specimen in 
accordance to the parameters shown in Table 4-11 (indicated by bold characters for each 
corresponding microstructure). After charging, each specimen was stored immediately in 
liquid nitrogen at -196°C until hydrogen analysis was performed. 
 
Permeation experiments 
Permeation experiments were conducted using a uniform charging current density of  
1.25 mA/cm². Selected microstructures (BM grades) were investigated in terms of varied 
charging current density in the range from 0.30 mA/cm² to 9.00 mA/cm². The aim of this 
study was to investigate the influence of varied charging parameters on calculated diffusion 
coefficients (and solubility). For example, the elapsed time during the experiments showed 
significant dependency on charging parameters in terms of steady-state condition until 
constant hydrogen flux is reached. 
 
 



4.6 Hydrogen Determination 

103 

4.6 Hydrogen Determination 
4.6.1 Carrier Gas Hot Extraction 

The hydrogen effusion and corresponding hydrogen concentration was determined using 
carrier gas hot extraction (CGHE) technique. Two different analyzers were used:  
the G4 Phoenix and the G8 Galileo. Both analyzers are manufactured by Bruker Elementals 
(Kalkar, Germany). For calculation of the corresponding hydrogen concentration in the 
specimens, the weight of each specimen is required. In advance, the weight of each 
specimen is measured before the hydrogen detection by Mettler/Toledo special accuracy 
scale with an accuracy of ± 1 mg. After degassing by CGHE, the determined absolute 
hydrogen amount in the specimen (integral value via TCD or MS) is divided through the 
specimen weight. Finally, this results in a calculated hydrogen concentration in  
“ml/100 g Fe” or in “ppm”. 
 
For degassing at elevated temperatures, both analyzers (G4 and G8) use a furnace 
operated with infrared radiation. The furnace control software offers different temperature 
programs for hot extraction. Isothermal mode is possible with fast heating and holding at a 
desired temperature level. Step-heating mode is used with holding at different temperatures 
or linear heating or for thermal desorption spectroscopy. The maximum operating 
temperature of the furnace is 1,000°C. For practical reasons, maximum furnace 
temperature was limited to 900°C. The control software allows setting of temperature steps 
for isothermal condition with 1°C increment with starting temperature of 25°C. The deviation 
of the final temperature was ± 2 %. 
 
In welding practice, hydrogen concentration (for example in ISO 3690) in respective weld 
joints is given in ml/100 g Fe. Hence, this value is used for all subsequent hydrogen 
concentration declarations in this study. The resolution of the analyzers allowed in TCD 
mode a detectable hydrogen concentration (HD) with incremental steps of 0.11 ml/100 g Fe  
(= 0.1 ppm) based on 1 g specimen weight. If the specimen weight is increased, the 
accuracy of the measuring procedure can be improved due to increased signal value in the 
TCD. The accuracy of CGHE measurement itself is comparable to conventional mercury 
method. For example, this was reported in [291-293]. 
 
 
4.6.2 CGHE with Internal TCD (G4 Phoenix) 

The G4 Phoenix/Juwe H-mat 221 is equipped with a high-resolution TCD (thermal 
conductivity detector) unit. The G4 was used for the majority of the experiments (tensile 
specimens and hydrogen diffusion experiments in the range from 100°C to 400°C.  
Figure 4-22 shows installed G4 CGHE hydrogen analyzer with TCD. 
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Figure 4-22: CGHE hydrogen analyzer G4 with internal TCD 

 

 
For analysis, the specimen is inserted into the glass tube and heated by the IR-furnace. 
During analysis, the analyze gas (mixture of carrier gas and effusing hydrogen) is filtered in 
special columns filled with chemical reagents before passing the TCD. These reagents filter 
moisture, which could falsify the thermal conductivity of analyze gas mixture. 
 
 
4.6.3 CGHE with Coupled Quadrupole MS (G8 Galileo) 

During the ongoing experiments for determination of hydrogen diffusion, the hydrogen 
analyzer G8 Galileo was installed. Compared to the G4, this apparatus is equipped with a 
quadrupole ESD100 mass spectrometer unit from IPI InProcess Instruments, which allowed 
higher resolution during hydrogen measurement. The resolution of the G8 is 10 ppb per 1 g 
specimen weight which corresponds to approximately 0.01 ml/100 g Fe.  
 
The improved resolution of the MS allows the examination of hydrogen diffusion in a 
relatively low temperature range from 25° to 100°C. This range cannot be examined with 
TCD due to hardly detectable very small hydrogen effusion rate fortified by the small weight 
of the examined specimens (typically in the range from 1 to 3 g). Hence, use of MS is 
recommended for investigations in case of “low” temperatures or for small specimen 
dimensions. Nevertheless, CGHE with MS was already successfully applied by the author 
et al. [287] for hydrogen measurement in coated and press-hardened steel grade 22MnB5. 
Figure 4-23 shows the installed G8 analyzer at BAM, Berlin. 
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Figure 4-23: CGHE hydrogen analyzer G8 with coupled MS  

 
 
4.6.4 Calibration 

In accordance to hydrogen determination, the calculation of corresponding hydrogen 
concentrations is the most important factor for evaluation of possible hydrogen absorption 
in constructional materials. Hence, an exact calibration method is necessary. In general, 
two different methods for calibration of hydrogen detectors can be used in case of CGHE:  
 
(I) By injection of accurate/monitored hydrogen amounts and correlation to the measured 

signal value or 
(II) Measurement of desorbing hydrogen from reference materials with prior known 

hydrogen concentration. 
 
In case of the G4 and G8, a calibration unit is used with defined increasing volumes. These 
volumes are injected subsequently to the analyzer and allow the correlation of a signal 
value to a corresponding hydrogen volume. In case of TCD, the measured signal is the 
difference in mV in a Wheatstone bridge potential. In case of the MS, the signal is an ion 
current in A corresponding to the sum of measured hydrogen ion fragments with atom mass 
of u = 1. In general, the ion current reaches values in the range from 10-12 to 10-10 A, which 
depends on the applied MS resolution. 
 
Figure 4-24 shows the general procedure of gas calibration for TCD and MS. For that 
purpose, defined hydrogen amounts were injected into the carrier gas flow resulting in a 
particular signal (left side of Figure 4-24). 
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Figure 4-24: Calibration signal of CGHE with TCD (G4) and with MS (G8) 
 
For the subsequent calibration, each volume signal sequence was integrated after 
subtraction of the basic noise of TCD or MS. Thereafter, a calculation function was derived 
via linear regression (red dots in the right part of Figure 4-24) in which each corrected 
integral corresponds to a certain hydrogen amount. 
 
By referring determined different integrals to sample weight of 1 g, the so-called calibration 
factor was calculated in advance of the experiment [291,325]. The calculation procedure of 
calibration factors was previously reported in [287]. In this case, the hydrogen analyzer G8 
was used with both hydrogen determination techniques TCD and MS. 
 
 
4.7 Permeation Experiments 
4.7.1 Experimental Setup 

The widely accepted electrochemical method according to Devanathan and Stachurski 
[254,255] was applied to conduct permeation experiments. Figure 4-25 shows the 
schematic of the used double cell. At cathodic entrance side, hydrogen was generated from 
the electrolyte at the surface of steel membrane by applying a constant current density 
(galvanostatic mode). At the (anodic) output side, hydrogen is detected by recording the 
oxidization current of the effusing/desorbing hydrogen. Before starting the experiment, the 
specimen was grinded (with SiC 500 abrasive paper) and immediately rinsed in alcohol and 
dried in nitrogen gas flow. 
 
Subsequently, the specimen was assembled between the two cells. The detection cell at 
the exit side was filled with 0.1 M NaOH aqueous (aq.) solution and polarized with a 
potential of +200 mV vs. SCE (saturated calomel electrode) using a Bank TG94 
Potentiostat. This potential was applied to avoid atomic hydrogen adsorption at anodic side 
as proposed by Durajan et al. [270]. Subsequently, the hydrogen generation is performed 
with a mixture of 0.1 M H2SO4 and 12 mg/l NaAsO2 acting as recombination poison reagent. 
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Figure 4-25: Schematic of electrochemical double cell used for permeation experiments 
 
All used reagents were of analytical grade. To ensure reliable measurements, the anodic 
background (passive) current was recorded at the exit side. It was recorded until a current 
density of 0.05 µA/cm² was reached in the detection cell. This was in good agreement with 
that value of 0.2 µA/cm² mentioned by Serna el al. [326]. 
 
Finally, the experiment started with filling the acid solution into the hydrogen generation cell. 
The occurring hydrogen oxidization current was logged every 1 s with an accuracy of  
0.01 µA using a PC based data acquisition system. 
 
 
4.7.2 Specimen Preparation  

BM permeation specimens 
The BM specimens had a uniform thickness of 0.5 mm (± 0.01 mm). Silicon rubber sealings 
were placed between the electrolyte containing cells and specimen (labeled “specimen”,  
No.  4 in Figure 4-25). The use of the silicon rubber seals with the diameter of 16 mm result 
in an effective permeation area (for hydrogen absorption and charging) of 201 mm². The 
ratio of the diameter of effective hydrogen charging area and the specimen thickness was 
greater than 10:1. Hence, the relative error by lateral diffusion (in perpendicular direction to 
the specimen surface) was kept ≤ 5 % [327]. 
 
HAZ specimens for permeation experiments 
The thermally simulated HAZ semi-finished specimens could not be used for permeation 
experiments due to small diameter of 6 mm or 8 mm. Hence, rectangular bars were heat-
treated to achieve additional semi-finished specimens for machining of the required HAZ 
microstructures. The dimensions of the bar are shown in Figure 4-26. 
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Figure 4-26: Position for extraction of HAZ permeation specimens in heat-treated rectangular bar 

(dimensions in mm) 
 
In Figure 4-26, the dashed black line indicates the heat-treated area red line indicates the 
position of the machined flat specimens (i.e., the membranes) for the permeation 
experiments. The rectangular bars were heat-treated with similar time-temperature cycles, 
which were used for HAZ tensile specimens. The applied time-temperature curves for the 
16MND5 are in accordance to Table 4-8 and T24 was heat-treated in accordance to  
Table 4-9. After heat treatment, three specimens were machined from each bar with wire-
cut EDM (electro-discharge machining) to final thickness of 0.5 mm. Metallographic cross 
sections and Vickers hardness tests ensured the comparability of the simulated HAZ 
microstructures of the permeation specimens to microstructure of the HAZ tensile 
specimens. 
 
 
4.7.3 Calculation of Hydrogen Diffusion Coefficients and Solubility 

Prior to calculation of the diffusion coefficient and hydrogen solubility, each data-set was 
edited by the following procedure. The recorded current was converted into a permeation 
current density (in A/mm²) by division of the current through of the permeation area of  
201 mm². As a result, this permeation current density corresponds to the hydrogen flux 
“J(t)”. Subsequently, the (maximum) steady-state hydrogen flux was determined. For further 
calculations, the permeation transient was evaluated by an exponential growth fit function 
(derived from Software Origin 9.1) in accordance to Equation 4-1. 
 

J t  = Jmax*	
1

1+ tc
t

C1
C2

 Equation 4-1: Approximate solution for data fitting of 
experimental values 

 
Where, “t” is the elapsed time in s and “tc” is a time constant in s. The constants “C1” and 
“C2” are dimensionless numerical values, which were derived from the fit function. This fit 
function is useful for transient description of a permeation experiment, i.e. determination of 
the inflection point by calculation of the first derivation. Otherwise, the resolution of the data 
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acquisition system of 0.01 µA could falsify the calculated results in case of low hydrogen 
flux. 
 
Subsequently, the apparent hydrogen diffusion coefficients were calculated by the two 
previously described methods: time-lag method [254,255] and inflection point method [260]. 
 
The permeability was calculated by use of Equation 2-26 (see page 62) and the sub-
surface concentration “HDss” with Equation 2-27 (page 62) from the performed experiment. 
In addition, independent hydrogen concentration measurements were conducted with 
CGHE (resulting in a certain measured “HDss CGHE”). For direct comparison of analytically 
calculated sub-surface concentration “HDss” and measured “HDss CGHE”, it is necessary to 
convert the different derived units (mol/mm³ vs. ml/100 g Fe). For this reason, the 
analytically calculated sub-surface concentration “HDss” in mol/mm³ is converted to  
ml/100 g Fe. For example, this conversion was shown by Böllinghaus et al. [258] and 
includes: 
 
(I) Multiplication of “HDss”  in mol/mm³ with one half of specific molar gas volume “Vm” 

(approximately 11,200 ml/mol) due to atomic character of diffusing hydrogen and 
(II) Multiplication of the resulting value with the specific volume of 100 g Fe (which is 

approximately 12,706 mm³). 
 
For general purposes, the value of 1.00*10-8 mol (H2)/mm³ corresponds to approximately 
1.42 ml/100 g Fe. Equivalent to the previous relationship, 0.71*10-8 mol (H2)/mm³ are 
equivalent to approximately 1.00 ml/100 g Fe). 
 
 
4.8 CGHE Experiments at Elevated Temperatures 
4.8.1 General Approach for Determination of Hydrogen Effusion Data 
For determination of hydrogen diffusion at elevated temperatures, cylindrical specimens 
were machined from BM and HAZ. The corresponding HAZ microstructures were machined 
from identically heat-treated semi-finished samples in accordance to the tensile specimens. 
The final specimen dimensions were 3 mm diameter and 30 mm specimen length for the 
BM and 10 mm for HAZ and WM. The specimens were electrochemically charged for at 
least 48 h (in accordance to the charging parameters given in Table 4-11 - charging 
parameters). Previous charging experiments were made to ensure full saturation of 
specimens. Hydrogen diffusion coefficients were extracted by interpreting temperature 
dependent hydrogen effusion/degassing behavior of the specimens. As a result, the 
specimens had to be heated rapidly to the desired temperature via IR-furnace of the 
corresponding CGHE hydrogen analyzer. 
 
The effusion was recorded for each temperature level by at least three specimens. For 
calculation of apparent hydrogen diffusion coefficients, the mentioned method was used as 
shown in chapter 2.5.2 - Hydrogen Diffusion at Elevated Temperature). This encompasses 
the determination of the necessary time “t0.5” after 50 % of initial hydrogen amount has left 
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the specimen. Figure 4-27 shows the general workflow chart for determination of the “t0.5”-
time from experimental data. 
 

 
Figure 4-27: Determination of “t0.5”-time from recorded effusion rate and normalized hydrogen amount 

(Example shows 16MND5 martensitic CHAZ at temperature of 100°C) 

 
As shown in Figure 4-27, the experimental data represented the time and temperature 
dependent hydrogen effusion curve. For calculation of the hydrogen diffusion coefficients, 
the specific “t0.5”-time had to be determined first. The necessary 50 % area is indicated by 
the grey color lined area in the figure. In addition, this value corresponds to the “0.5”-value 
of the normalized hydrogen amount left in the specimen. 
 
 
4.8.2 Influence of Heating Program on Sample Temperature 

Hydrogen diffusion coefficients show very strong temperature dependency. Hence, the real 
specimen temperature had a remarkable influence on hydrogen diffusion to a virtual 
adjusted degassing temperature level (for example in the furnace). In general, the 
calculation of apparent hydrogen diffusion coefficients at elevated temperatures was done 
in isothermal condition to avoid strong temperature gradients in the specimen during 
hydrogen effusion. Hence, rapid heating of specimens was necessary to the desired 
effusion temperature. Previous experiments showed that distinct differences occur in the 
temperature profiles obtained from different heating programs during CGHE. 
 
In case of certain preheating (PH) of the glass tube (before specimen insertion), a particular 
effect was ascertained: accelerated warm-up of the specimen. Of course, this was 
accompanied by changing hydrogen effusion (i.e., accelerated degassing of hydrogen from 
the specimen). For this reason, the preheating was performed with increased furnace 
temperature compared to necessary analyzing temperature (both adjusted in the software 



 4.8 CGHE Experiments 

111 

of the analyzer). If hydrogen collection is started (after specimen insertion), the adjusted 
furnace temperature is decreased immediately down to the desired analyzing temperature 
by the software. As a result, the real furnace temperature decreased after preheating 
expressed by an exponential decay function. 
 
As a result of the preheating, the corresponding specimen temperature changed in terms of 
accelerated warm-up. For further investigation, the specimen temperature was measured 
with an external type K mantle thermocouple applied in a test specimen with the same 
dimensions like the investigated cylindrical specimens for hydrogen charging. For 
temperature measurement, a hole was drilled in the axial direction of the specimen to log 
the real core temperature profile in accordance to the used heating condition. Figure 4-28 
shows the used experimental setup. 
 

 

                       
Figure 4-28: IR furnace with glass tube: (a) Overview, (b) Magnification - Position of calibration 

specimen in glass tube with thermocouples 
 
A new sample was used for each recorded temperature profile. In addition, the starting 
temperature of furnace before preheating was 25°C (ambient temperature) and specimen 
surface was prepared (grinded) in similar same way compared to hydrogen charged 
specimens. This is necessary due to increased reflection of IR radiation of a well-grinded 
surface (comparable to polished condition). After preheating for defined time, the specimen 
was inserted into the glass tube and hydrogen collection/degassing starts. It has to be 
emphasized that the specimen itself was not preheated. The reason for furnace preheating 
was the reduction of overall loss of energy. This is a result of the thermodynamic system of 
unavoidable heating of the glass tube itself and heating of the IR furnace surrounding. 
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For example, Table 4-12 shows possible heating programs for 200°C desired isothermal 
degassing temperature. Three conditions (I-III) were distinguished: 
 
(I) Initial condition without preheating (PH),  
(II) PH 1 with moderate preheating temperature and 
(III) PH 2 with high preheating temperature. 
 

Table 4-12: Possible heating programs for desired degassing temperature (in the specimen) of 200°C 
vs. adjusted time and temperature in analyzer’s control software 

Program 
Preheat time 

 “tPH” in s 
Preheat temperature 

 “TP” in °C 
Analyzing temperature 

“TA” in °C 

I - Without PH 120 200 200 

II - PH 1 240 250 205 

III - PH2 240 325 212 

 
Figure 4-29-a shows the adjusted heating program and the qualitative specimen 
temperature profiles corresponding to the particular heating condition (I), (II) and (III).  
Figure 4-29-b shows the corresponding possible normalized hydrogen effusion curves. 
 

 
Figure 4-29: Qualitative influence of heating condition on hydrogen effusion at 200°C: (a) Sample 

temperature vs. furnace temperature, (b) Corresponding normalized hydrogen effusion 
curves 

 
As shown in Figure 4-29-a, the different heating conditions (orange curves) had great 
impact on the evolving specimen temperature (blue curves) and, hence, on the effusion 
curves as shown in part (b) on the right. From the point of calculation of certain diffusion 
coefficient, it is necessary to “neglect” temperature dependency of hydrogen diffusion. This 
was experimentally ensured by recording and monitoring the hydrogen effusion signal at a 
constant adjusted analyzing temperature (“TA”) in the control software. This caused a 
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necessary rapid sample heating to the desired holding temperature. In this case, the 
influence of the heating process to the desired temperature levels itself could be neglected. 
Otherwise, the heating process consumed a lot of time in terms of the overall disposable 
hydrogen effusion time which is defined by the available hydrogen amount in the specimen. 
On that account, the specimen temperature would change continuously and falsify the 
temperature dependency of hydrogen effusion. 
 
As demonstrated in Figure 4-29-a, optimized condition (III) resulted in the fastest specimen 
heating (blue solid curve) accompanied by longest time frame of isothermal holding during 
total hydrogen effusion time. Thus, the condition (III) represented the optimized mixture of 
preheating time and temperature for a given holding temperature. In advance, the PID 
regulator parameters of the hydrogen analyzer and their effect have to be identified and 
adjusted. The preheating parameters for this present study were identified by 
comprehensive preheating experiments using the G4 analyzer. A part of this work was done 
during a student research project [328] and was already presented [329]. The temperature 
profiles and their particular influence on the hydrogen effusion and diffusion coefficients are 
presented in the chapter “results” (see chapter 5.3.1 from page 192 ff.). 
 
A temperature range from 100°C to 400°C was examined with an increment of 100°C 
(CGHE with coupled TCD). As a result of the identified necessary preheating of the glass 
tube, the maximum temperature for isothermal degassing was set to 400°C. Otherwise, the 
higher preheating temperature of the glass tube can be above austenization temperature of 
the examined steel grades. This encompassed the risk of decomposition of the initial 
microstructure to austenite with the immediate well-known decrease of hydrogen diffusion in 
austenite. The lower temperature boundary was limited to 100°C. A temperature below this 
level increases the risk of uncertainties in the hydrogen detection due to the limited 
resolution of a TCD. In opposite, the CGHE coupled with MS allowed the determination of 
hydrogen diffusion even at low effusion rates, i.e. temperatures below 100°C. Hence (for 
selected microstructures), the identified procedure of accelerated specimen heating was 
applied with the available MS (G8 analyzer) for 25°C, 50°C and 75°C. 
 
 
4.8.3 Calculation of Hydrogen Diffusion Coefficients at Elevated 

Temperatures 

The hydrogen diffusion coefficients are mostly calculated by mathematical approximate 
solutions. For example, these functions describe time-dependent hydrogen amount left in 
the specimen (see Table 2-18). The time-dependent amount in a specimen “Mt” was 
achieved by integration of the CGHE signal of effusing/desorbing hydrogen. In advance, the 
data had to be smoothed by use of mathematical filters. In addition, the obtained 
experimental data had particular time increments based on the used analyzer. It was 0.2 s 
in case of the G4 with TCD and 1.6 s for the G8 with coupled MS. After smoothing of the 
data and determination of the entire hydrogen amount, the time-dependent decreasing 
hydrogen amount is calculated in accordance to Equation 4-2. 
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Mt	 	 (E(n+1)

n=	nmax

n=o

* t(n+1)) Equation 4-2: Time-dependent hydrogen amount “Mt” 

 
Where, “Mt” and M0” are given in ml/100 g Fe and “E” is the time-resolved incremental 
effusion rate in ml/100 g*s. The “n” corresponds to specific number of recorded hydrogen 
collection cycles in the analyzer. The entire finite number collection cycles corresponds to 
total time for hydrogen effusion and is derived by multiplying the cycles with the incremental 
time step 0.2 or 1.6 s.  
 
For calculation of the diffusion coefficients, the starting point and endpoint of the recorded 
hydrogen effusion signal was defined by two boundary conditions based on the maximum 
recorded hydrogen rate for each experiment. In advance, the maximum hydrogen effusion 
rate “Emax” is determined from the entire effusion curve and normalized. The maximum 
effusion rate is set to “one”, i.e. “Emax = 1”. 
 
The starting point “t0” or “n = 0” is defined at the position in which the actual effusion rate 
“E(n;t) = 0.01”, in other words the value is 1 % before it increases to maximum effusion rate 
“Emax” (Equation 4-3, first boundary condition). In accordance to the starting point, the 
endpoint “n = nmax (tend)” is defined in the same way. This means that endpoint is reached if 
hydrogen effusion rate decreased again to 1 % of the maximum effusion rate (in 
accordance to Equation 4-4 that is describing this second boundary condition). 
 

					
En=0

Emax
= 0.01 Equation 4-3: Starting point of hydrogen effusion signal 

En=nmax

Emax
= 0.01 Equation 4-4: Endpoint of hydrogen effusion signal 

 
The 1 % value of maximum hydrogen effusion rate “Emax” corresponds to the starting time in 
case of “t(n=0)” and finish (“tend” with “n = nmax”) of hydrogen effusion by multiplying the 
hydrogen collection cycle-number “n" with the corresponding time increment of 0.2 s (TCD) 
or 1.6 s (MS). 
 
Subsequently, Equation 4-2 can be written in normalized condition. If considering starting 
point and endpoint of hydrogen effusion, the normalized time-dependent hydrogen effusion 
can be expressed by Equation 4-5. 
 

Mt

M0
	=	

1-	 ∑ (E(t)
n=	tf
n=o *t(n+1))

M0
 Equation 4-5: Normalized hydrogen amount 

 
By determination of the “t0.5”-time (after 50 % of total hydrogen amount has left the 
specimen, see Figure 4-27), it is possible to calculate the corresponding hydrogen diffusion 
coefficient. In this present thesis, the effective diffusion coefficients are calculated by 
Equation 4-6 in the temperature range from 25°C to 400°C (except the permeation 
experiments). 
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Deff	≅	0.064
r2

t0.5
 Equation 4-6: Effective diffusion coefficient “Deff” at elevated 

temperatures (in accordance to method 3) 

 
Where “Deff” represents the effective diffusion coefficient and “r” represents the radius of the 
cylinder. It is emphasized that method 3 (see Equation 2-37 in Table 2-19 on page 66) was 
used for calculation of the effective diffusion coefficients. The reason is on the one hand the 
simplified calculation using method 3 and on the other hand relatively low diffusion 
coefficients. This was expressed by the lowest factor “0.064” compared to method one and 
two (shown in Table 2-19 on page 66). 
 
Comprehensive numerical simulations showed the general applicability of this 
approximation function and very good agreement with the obtained experimental effusion 
curves [330] for T24 steel grade. The relatively low hydrogen diffusion coefficients consider 
a realistic case of slow hydrogen effusion. For example, this can be a result of 
microstructure changes in the HAZ compared to the BM. In addition, low hydrogen diffusion 
coefficients encompassed a worst-case scenario in weld joints in terms of increased risk  
for (delayed) HAC. The reason is the prolonged time of possible remaining of a  
(crack critical) HD. 
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5 Results and Discussion 

A deep look into the results was necessary to fill a certain strategy leading to the required 
main goals: the determination of hydrogen effect on microstructure specific degradation and 
the corresponding hydrogen diffusion coefficients. This encompasses a critical view on 
present methods for determination of hydrogen diffusion coefficients. The necessary 
experimental data consist of two main groups as shown in Figure 5-1; mechanical 
properties (indicated in the grey box) and diffusion data (yellow colored box) for the BM and 
the simulated HAZ microstructures. 
 

 
Figure 5-1: Workflow chart - Stage IV: experimental results 
 
In accordance to Figure 5-1, the obtained results are divided into three main branches:  
(1) degradation, (2) diffusion and (3) hydrogen solubility and trapping (HSAT). Table 5-1 
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shows a brief summary of the next chapters and their corresponding short contents in 
consecutive order. 
 
Table 5-1: Summary of chapters and corresponding short contents 

Results Short contents 

1 

Chapter 5.1: 

Hydrogen effect on 

degradation of the 

mechanical properties 

 Hydrogen influence on degradation of weld 

microstructures 

 Corresponding fracture topography of selected fracture 

surfaces 

 Derived degradation failure criteria 

2 

Chapter 5.2 / 5.3: 

Microstructure and 

temperature depended 

diffusion of hydrogen 

 Hydrogen diffusion at room temperature (permeation 

experiments)  Chapter 5.2 

 Hydrogen diffusion at elevated temperatures (CGHE 

experiments with TCD and MS)  Chapter 5.3 

 Optimized procedures for determination of hydrogen 

diffusion coefficients at room temperature and elevated 

temperatures 

3 

Chapter 5.4: 

Hydrogen solubility and 

trapping (HSAT) 

 Temperature and microstructure depended trapping 

characteristics 

 Derived hydrogen solubility at room temperature and 

elevated temperatures 

 
 
5.1 Hydrogen Effect on Degradation of Mechanical Properties 
The results of the mechanical properties were identified from the conducted tensile tests as 
described in chapter 4.4. The properties are presented in accordance to the investigated 
materials. First, the RPV steels 16MND5 and 20MND5 and the 16MND5 HAZ 
microstructures are presented in chapter 5.1.2. Second, the Cr-Mo-V steel T24 and Cr-Mo 
steel T22, the T24 HAZ and the T24 WM microstructure is given in chapter 5.1.3. 
 
For each microstructure, the presented mechanical properties are in order of the tensile 
properties yield strength (YS) “Rp0.2” and ultimate tensile strength (UTS) “Rm”. Thereafter, 
the ductility properties fracture strain “A” and reduction of area “Z” are presented. In 
addition, a multiplicity of fractured tensile specimens was subjected to SEM investigation to 
determine the occurred fracture topographies. They are directly related to the 
microstructure and the hydrogen concentration (HD). As a result, the predominantly fracture 
mode versus the corresponding HD can be determined dependent on the used LA concept 
for steel making as well as for each weld microstructure. As introduction, the next chapter 
shows a brief survey of the appeared fracture topographies.  
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5.1.1 Overview of Fracture Topographies in Examined Microstructures 
(SEM Investigation) 

Figure 5-2 (a-f) shows representative examples of fractured tensile specimens determined 
with SEM after tensile test. The parts (a-f) show abbreviations of the six determined 
predominantly appeared fracture topographies. 
 

  

  

  
Figure 5-2: Predominantly fracture topographies: (a) “DD” - Deep dimples, (b) “DS” - Shallow dimples, 

(c) “QC” - Quasi cleavage,(d) “QCF” - Quasi cleavage facets (around inclusion), (e) “CF” - 
cleavage fracture, (f) “IG” - intergranular fracture 

 

Inclusion 

DD DS 

QC QCF 

CF IG 

a)  b) 

c) d) 

e) f) 

10 µm 50 µm 

20 µm 10 µm 

10 µm 10 µm 
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Table 5-2 summarizes typical features of the identified six fracture topographies (a-f). In 
addition, condition (a) represents the initially hydrogen uncharged condition.  
 
Table 5-2:  Predominantly fracture topographies in fractured tensile specimens 

Part of Figure 5-2 
and abbreviation Description 

a) DD  Typical ductile overload fracture with deep dimples on fracture surface 
(also known as micro void coalescence) 

b) DS  Ductile fracture mode with shallow dimples. 
 Wider diameter and reduced depth of dimples 

c) QC  Quasi-cleavage with rough fracture surface 

d) QCF 
 Quasi-cleavage facets around inclusions (“fish-eyes”) 
 QCF facets are perpendicular to the load direction. 
 QCF area surrounded by DD or DS 

e) CF  Transgranular brittle cleavage fracture with smooth fracture surface  

f) IG 
 Intergranular cracking with smooth fracture surface 
 Distinct fracture along grain boundaries appears 
 Accompanied by secondary cracking (SC) 

 
From this first introduction it can be seen that several fracture modes appeared related to a 
particular hydrogen concentration and microstructure. This behavior is shown in the next 
chapters. 
 
 
5.1.2 Mechanical Properties of 16MND5 BM and HAZ Microstructures 

5.1.2.1 Mechanical Properties of 16MND5 BM vs. 20MND5 BM 

Influence of heat treatment condition 
The next figures show the cooling condition influence on the mechanical properties 
(engineering stress and strain) of hydrogen uncharged specimens machined from 16MND5 
base material.  
 

  

 
Figure 5-3: 16MND5 - Calculated engineering tensile stress and engineering strain, dependent on 

cooling condition: (a) Full data sets, (b) Magnified elastic-plastic transition area 

a)  b)  
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In general, the BM grades showed well-defined yield strength (YS) “Re”. In contrast, the “as-
welded” HAZ microstructures show non-pronounced YS “Rp0.2” (yield point with 0.2 % 
offset). Depending on the chemical composition and cooling condition, YS and UTS 
increased with the alloyed carbon content and cooling speed, i.e. with decreasing “t8/5”-time. 
This is in accordance to [99] for as-quenched C-0.5Mo steel without tempering. For 
example, the change of well-defined yield strength to a non-pronounced yield point (“Rp0.2”) 
can be explained by complex carbide dissolution kinetics in case of a HAZ microstructure. 
For further contemplations, the yield strength of the BM grades is denoted by “Rp0.2”. The 
corresponding diffusible HD is abbreviated with “HD”. 
 
Tensile properties: yield strength and tensile strength 
Figure 5-4 (16MND5) and Figure 5-5 (20MND5) present the obtained data of the UTS 
(“Rm”) and the YS (“Rp0.2” or “Re”) for the two examined RPV grades compared to the 
measured hydrogen concentration “HD”. A HD of “0” indicates the reference hydrogen-free 
condition. A part of the mechanical data of 16MND5 BM was already published in [331]. 
 

Figure 5-4: 16MND5 BM - Rm and Rp0.2 [331] 
 

Figure 5-5: 20MND5 BM - Rm and Rp0.2  
 
As presented in Figure 5-4 (16MND5) and in Figure 5-5 (20MND5) both BM grades showed 
high nominal YS and UTS in uncharged condition. In addition, the 20MND5 showed a 
slightly higher YS and UTS (580 MPa to 700MPa) compared to the 16MND5 (480 MPa and 
614 MPa). The reason was the different chemical composition and heat treatment. This 
demonstrates the potential of 20MND for future application in terms of reduced wall 
thickness. Hydrogen charging did not result in remarkable degradation of UTS or YS in 
case of 16MND5 up to a HD level of 3 ml/100 g Fe and 2 ml/100 g Fe for the 20MND5. 
Nevertheless, remarkable degradation was obtained in terms of ductility. 
 
Ductility: fracture strain and reduction of area 
Figure 5-6 (16MND5) and Figure 5-7 (20MND5) show the corresponding fracture strain 
values. Figure 5-8 (16MND5) and Figure 5-9 (20MND5) show the subsequent calculated 
reduction of area. 
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Figure 5-6: 16MND5 BM - Fracture strain [331] 
 

Figure 5-7: 20MND5 BM - Fracture strain 

Figure 5-8: 16MND5 BM - Reduction of area [331]
 

Figure 5-9: 20MND5 BM - Reduction of area 
 
As shown in Figure 5-6 (16MND5) and in Figure 5-7 (20MND5), both RPV grades showed 
high fracture strain values (“A”) above 20 % in hydrogen uncharged condition. This 
indicates the excellent ductility of both BM grades due to tempered microstructure condition. 
In hydrogen charged condition both material grades showed small degradation of ductility 
expressed by the decreasing fracture strain in case of increasing HD. For example, the 
16MND5 decreased to 15 % at HD level of 3 ml/100 g Fe and the 20MND5 decreased to 17 
% respectively at HD of 2 ml/100 g Fe. 
 
The calculated reduction of area (“Z”) revealed different behavior of the BMs. The 16MND5 
(Figure 5-8) showed a decrease from approximately 76 % to 60 % (corresponding mean 
values) at a charged HD of 3 ml/100 g Fe. The 20MND5 (Figure 5-9) already gradually 
degraded to 60 % around HD level of 1 ml/100 g Fe. I.e., the degradation in terms of 
20MND5 was higher even at lower HD compared to 16MND5. This was related to the 
generally increased strength level of the 20MND5. Michler and Naumann [225] suggested a 
generally increased susceptibility of high strength LA steels with increasing UTS. This was 
independently from the applied alloy composition and in accordance to [231,236]. In 
general, quenched and tempered condition of the investigated RPV steel grades results in 
excellent mechanical properties within the determined range of hydrogen concentrations for 
each grade. This was in accordance with investigations reported in [178-180]. 
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For example, Uhlemann et al. [178] reported the behavior of different RPV steel grades. It 
was pointed out that UTS and YS were nearly unaffected by hydrogen charging.  
A significant difference was observed for the fracture strain and (in particular) for reduction 
of area. Takaki and Kayano [179] reported this significant effect for the HD range from  
1.7 ml/100 g Fe to 2.2 ml/100 g Fe. In addition, Wu and Kim [180] reported a slight 
softening of UTS and loss of ductility in presence of hydrogen. For example, the reduction 
of area decreased from 70 % to 60 % at room temperature among other examined 
temperatures. The referred data were in close agreement with the obtained results of 
16MND5 and 20MND5. This clearly demonstrates the superior mechanical properties of 
RPV BM grades in quenched and tempered condition.  
 
Investigation of fracture surfaces 
Table 5-3 shows the obtained data for both examined BM grades 16MND5 and 20MND. For 
comparison of how hydrogen influences, the fracture classes were defined representing 
different level of hydrogen concentration: low (HD ≤ 1 ml/100 g Fe), middle  
(1 ≤ HD ≤ 2 to 3 ml/100 g Fe) and high (HD > 4 ml/100 g Fe). The used abbreviations are in 
accordance to the presented fracture modes given in Figure 5-2 (part a - f). 
 
Table 5-3: Predominantly fracture mode of base metal grades 16MND5 and 20MND5 

Microstructure / Position in 
specimen 

HD in ml/100 g Fe 
Uncharged Low (≤ 1) Mid. (≤ 2-3) High (> 4) 

16MND5 BM 

Center 
[331] DD DD DD / DS (+ 

QCF) -- 

Surface DD DS (+ QCF) DD / DS (+ 
QCF) -- 

20MND5 BM 
Center DD DD / QCF DS / QCF -- 

Surface DD DD / QCF DS / QCF -- 

 
As shown in Table 5-3, an increasing HD resulted in the mentioned change of the fracture 
surface. Nevertheless, the main topography remains ductile indicated by (DD and DS). 
 
Figure 5-10 (part a - c) illustrate the changing behavior of fracture topography in case of 
16MND5 BM - center region. Figure 5-11 (part a - c) illustrate the surface near region of the 
corresponding tensile specimens. Due to similar fracture behavior of 20MND5, these 
corresponding figures are not shown here. They can be found in the annex (center region is 
shown in Figure 13-1 and surface near region in Figure 13-2, both given on page 291). 
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Figure 5-10: Fracture topography of 16MND5 BM 
- Center region (a) Uncharged, (b) 
1.1 ml/100 g Fe, (c) 3.0 ml/100 g Fe 
[331] 

Figure 5-11: Fracture topography of 16MND5 BM 
- Surface region (a) Uncharged, (b) 
1.1 ml/100 g Fe,(c) 3.0 ml / 100 g Fe 
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Regarding the 16MND5, a relatively low HD around 1.1 ml/100 g Fe (Figure 5-10-b and  
Figure 5-11-b) changed the fracture topography to a mixture of ductile fracture and quasi 
cleavage facets (QFC) around inclusions (so-called “fish-eyes”). In addition, “fish-eyes” are 
a common indicator for hydrogen influence on degradation during tensile testing of 
materials [173]. At lower HD, the QCF region appeared at specimen surface near region 
(Figure 5-11b). With an increased HD of 3.0 ml/100 g Fe, the QCF appeared in the entire 
fracture surface (part c in Figure 5-10 and Figure 5-11). It has to be emphasized that these 
“fish-eyes” appeared in restricted areas and covered a limited small part of the fracture 
surface. For example, the total “embrittled” area covered a maximum of 13 % of the total 
surface at HD level of 3.0 ml/100 g Fe. Nevertheless, the “fish-eyes” reached diameters of 
100 µm (and above) as indicated by Figure 5-11-b and Figure 5-11-c. Hence, the moderate 
decreasing of the reduction of area was attributed to these “embrittled” regions. 
 
A similar effect of hydrogen on the fracture topography was observed for the 20MND5. The 
total number of QCF areas increased with increasing HD up to a determined HD level of  
2 ml/100 g Fe. The corresponding figures are shown in the annex. 
 
Chemical composition of inclusions 
For detailed analysis, the chemical composition of determined inclusions was checked with 
EDX (energy dispersive X-ray analysis) during the investigation with SEM. Figure 5-12 
shows an analyzed inclusion found in the 16MND5 and Figure 5-13 represents the 
20MND5. 
 

 
Figure 5-12: Fish-eye around inclusion 

(16MND5 BM: 1.3 ml/100 g Fe) 

 
Figure 5-13: Fish-eye around inclusion 

(20MND5 BM: 1.8 ml/100 g Fe) 
 
The determined inclusions were assumed as initiation points for embrittled regions by 
increased mechanical stress-field around the inclusion. This resulted in preferred hydrogen 
diffusion into direction of the inclusion due to increased lattice space. It was well-known that 
hydrogen accumulates in highly stressed regions above a value, which was critical for HAC 
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initiation [173,177]. It has to be emphasized that a corresponding local HD could not be 
detected by CGHE due to the location of hydrogen inside the specimen. The conducted 
CGHE analysis provides only an overall average HD of the sample. 
 
The next figures show representative chemical compositions of the mentioned inclusions. 
Figure 5-14 shows an EDX spectrum for 16MND5 and Figure 5-15 for 20MND5 steel grade. 
 

 

Figure 5-14: Chemical composition of inclusion 
(16MND5 BM: 1.3 ml/100 g Fe) [331] 

Figure 5-15: Chemical composition of inclusion 
(20MND5 BM: 1.8 ml/100 g Fe) 

 
In both grades the chemical composition of the inclusions included Al-rich particles with of 
contents oxygen (“O”) and calcium (“Ca”). This was attributed to the nominal chemical 
composition of both steel grades. Both steels (16MND5 and 20MND5) had an Al-content of 
0.02 % (determined with OES). In this regard, Al-rich particles were determined by 
Bhadeshia et al. [332] in case of Mn-Mo-Ni steels although a particular hydrogen effect was 
not investigated. In contrast, Horikawa et al. [333] determined the periphery of Al2O3 
inclusions (or second phase particles) as reversible hydrogen traps, i.e. the interface 
between the particle and surrounding metal-matrix. This supports the obtained results that 
hydrogen accumulates (or is already accumulated) at inclusions resulting in localized QCF 
fracture. 
 
Nevertheless, Al was added intentionally to LA Mn-Mo-Ni grades due to beneficial effect on 
toughness even with small amounts of 0.02 weight-percent [115]. Hence, Al-rich inclusions 
cannot be avoided. Additionally, their overall effect on the investigated degradation seemed 
to be negligible due to remaining excellent mechanical properties even in hydrogen charged 
condition. 
 
 
QCF surface coverage compared to HD 
Both BM grades showed different effect of hydrogen on degradation of reduction of area 
(16MND5: Figure 5-8 and 20MND5: Figure 5-9). Hence, the appearing fracture topography 
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should indicate increased susceptibility to degradation on case of 20MND5 compared to 
16MND5. This can be seen in Table 5-4. It shows the obtained QCF areas for both steels 
compared to the detected HD level. 
 
Table 5-4: QCF fracture appearance vs. HD in 16MND5 and 20MND5 

Micro-
structure 

Low HD 
(approximately 1 ml/100 g Fe) 

Medium HD 
(approximately 2 ml/100 g Fe) 

16MND5 
BM 

  

20MND5 
BM 

  
 
The “fish-eye” areas are marked by red solid lines. They appeared mostly in highly strained 
regions but even in case of a relatively low HD level of approximately 1 ml/100 g Fe. The 
highly strained and stressed regions were indicated by typical “cup-and-cone” fracture after 
necking in the parts (a) to (d) of Table 5-4. As shown in parts (c) and (d), the total number of 
“fish-eyes” and their covered area increased with increasing HD level (2 ml/100 g Fe) 
resulting in increased specimen diameter after fracture. Nevertheless, the “embrittled” area 
was small compared to the entire specimen fracture surface. This indicated again the 
superior ductility and toughness of RPV materials. Hence, a possible quantification attempt 
seemed to be questionable due to its negligible effect on material properties (in quenched 
and tempered condition) of the examined RPV grades. 
 
Summarized, the Mn-Mo-Ni BMs 16MND5 and 20MND5 showed excellent mechanical 
properties within the examined HD range. Nevertheless, a slight degradation of ductility was 
determined for both grades. 
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5.1.2.2 Mechanical Properties of 16MND5 Bainitic HAZ Microstructures 

Tensile properties: yield strength and tensile strength 
The next chapters show the obtained mechanical data of the simulated coarse (CHAZ) and 
fine grain (FHAZ) heat affected zone. In this condition (slow cooling condition), bainitic 
microstructure appeared (with small amounts of martensite). The tensile properties of the 
bainitic HAZ in hydrogen free and hydrogen charged condition are shown in Figure 5-16 
(CHAZ) and Figure 5-17 (FHAZ). The data of bainitic CHAZ were already published in 
[331]. 
 

Figure 5-16: 16MND5 Bainitic CHAZ - Rm and 
Rp0.2 [331] 

 
Figure 5-17: 16MND5 Bainitic FHAZ - Rm and 

Rp0.2  
 
The 16MND5 bainitic HAZ showed increased YS “Rp0.2” and UTS “Rm” in hydrogen free 
condition compared to 16MND5 BM. In addition, the YS of both bainitic HAZ 
microstructures changed to non-pronounced YS (“Rp0.2”). The obtained UTS (in hydrogen 
free condition) was the highest in the FHAZ with 900 MPa. This means the UTS was 
increased by 200 MPa (CHAZ) and 300 MPa (FHAZ) compared to the 16MND5 BM. This 
increase was attributed to the higher hardness of the HAZ due to the simulated weld 
thermal cycle. The obtained values in were in agreement to those of Taleb [334] for a heat-
treated 20Mn-Mo-Ni5-5 (16MND5) grade. 
 
In hydrogen charged condition, tensile properties were nearly unaffected up HD of  
4.2 ml/100 g Fe (bainitic CHAZ). However, in case of bainitic FHAZ, a slight increase of 
UTS was determined at HD <1 ml/100 g Fe. Nevertheless, this HD level is assumed as 
random effect due to data scatter. In addition, the bainitic FHAZ showed a remarkable 
decrease of the UTS (900 MPa to 800 MPa) at relatively high HD of 6 ml/100 g Fe. Above 
this level, a severe degradation was assumed. This behavior could not be examined directly 
due to necessary increased charging current density, which would result in internal cracks 
(blistering). Currently, there is no reference available for supporting or opposing this value. 
However, increased degradation (based on literature data) was estimated for ductility 
values in accordance to [178-180]. These values are shown in the next chapter. 
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Ductility: fracture strain and reduction of area 
The bainitic CHAZ (Figure 5-18) showed a remarkable decrease of fracture strain (“A”) at 
HD of 2 ml/100 g Fe. In this case, the fracture strain decreased from 18 % to 4 % and 
below. This indicated the detrimental effect of the charged HD. The bainitic FHAZ 
microstructure (Figure 5-19) showed similar performance. Both microstructures showed an 
increased sensitivity for hydrogen-affected degradation in terms of ductility. Especially a HD 
level of 2 ml/100 g Fe (and above) resulted in a remarkable degradation compared to the 
tempered BM grade. 
 

Figure 5-18: 16MND5 Bainitic CHAZ - Fracture 
strain [331] 

 
Figure 5-19: 16MND5 Bainitic FHAZ - Fracture 

strain 
 
Due to the increased degradation of ductility compared to the BM, the next figures 
encompass some SEM overview figures for emphasizing the hydrogen effect on ductility in 
terms of changing reduction of area. Figure 5-20 shows the obtained reduction of area for 
the bainitic CHAZ and Figure 5-21 for the bainitic FHAZ. 
 

     
Figure 5-20: 16MND5 Bainitic CHAZ - Reduction of area [331] 
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Figure 5-21: 16MND5 Bainitic FHAZ - Reduction of area
 
Figure 5-20 indicates the initially high values of reduction of area “Z” in HD free condition 
(“I”) with a range from 65 % to 70 %. In hydrogen charged condition, a distinct decrease of 
the reduction of area occurred to approximately 30 % in case of level of approximately  
2 ml/100 g Fe (condition II). This equals to a normalized decrease of 80 % compared to the 
uncharged condition. This can be clearly identified in the lower part of Figure 5-20 and is 
indicated by increasing diameter of the fracture surface in case of increased HD. The 
bainitic FHAZ (Figure 5-21) showed comparable behavior to the bainitic CHAZ. At HD of 
approximately 2 ml/100 g Fe, the reduction of area was decreased from 65 % (uncharged 
condition I) to 10 % in (condition II). This equals a loss of reduction of area of 90 % and 
indicates strong effect of hydrogen on ductility (expressed by reduction of area) in both 
bainitic HAZ microstructures. 
 
In summary, the “as-quenched” bainitic HAZ showed a distinct decrease of ductility in 
hydrogen charged condition compared to quenched and tempered BM condition. It is 
noteworthy that even a HD level of 2 ml/100 g Fe results in a remarkable loss of the 
determined ductility resulting in an increased sensitivity for hydrogen-assisted degradation 
compared to the BM. In case of repair welding this has be considered if a PWHT not 
feasible. The increased sensitivity for certain degradation can be decreased by proper 
tempering or PWHT [178,180]. As concluded by Albert et al. [241] the (untempered) HAZ 
can represent the most susceptible microstructure in terms of hydrogen-assisted 
degradation. 
 
 
5.1.2.3 Mechanical Properties of 16MND5 Martensitic HAZ Microstructures 

Tensile properties: tensile strength and yield strength 
The next chapters show the obtained mechanical data for simulated the martensitic HAZ in 
case of fast applied cooling condition. Tensile properties for both martensitic HAZ 
microstructures are shown for hydrogen free and hydrogen charged condition in  
Figure 5-22 (CHAZ) and in Figure 5-23 (FHAZ). The CHAZ data have been already 
published in [331]. 

IIIII

I 
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Figure 5-22: 16MND5 Martensitic CHAZ- Rm and 
Rp0.2  [331] 

 
Figure 5-23: 16MND5 Martensitic FHAZ - Rm and 

Rp0.2 
 
The martensitic HAZ microstructures showed the highest YS and UTS (within a range from 
typically 1,350 MPa to 1,400 MPa) of all examined 16MND5 HAZ microstructures. This was 
in accordance to the achieved highest hardness (see Table 4-8 page 92). Thereby, the 
martensitic FHAZ showed the highest UTS (1,400 MPa) and YS (990 MPa) of all simulated 
HAZ microstructures. In addition to the bainitic HAZ (and in contrast to the BM), the 
martensitic HAZ showed an offset yield point instead (“Rp0.2”) of well-defined yield strength 
(“ReH” or “ReL”). In contrast to 16MND5 BM and bainitic HAZ, both martensitic HAZ 
microstructures showed a distinct degradation even of the tensile properties in hydrogen 
charged condition. Especially, the martensitic CHAZ (Figure 5-22) had a remarkable 
degradation at HD level of 1.8 ml/100 g Fe. In this case, the YS fell below the initial value of 
approximately 1,000 MPa in hydrogen free condition. Hence, the UTS and YS were equal 
above this HD level up to maximum determined HD level of 4.7 ml/100 g Fe. In other words, 
there was nearly no plastic deformation during tensile test, which resulted in abrupt fracture. 
Additionally, the martensitic FHAZ microstructure (Figure 5-23) showed remarkable 
decrease of UTS at a HD level of 1.8 ml/100 g Fe from 1,400 MPa to 1,220 MPa. In 
addition, YS falls below its initial value at HD of 4.7 ml/100 g Fe. This indicates a slightly 
decreased sensitivity of martensitic FHAZ compared to the CHAZ in hydrogen effect on 
degradation, in particular, of the tensile properties. The obtained decrease of tensile 
properties was comparable to very high-strength martensitic steels (for example, 34CrMo4) 
with similar strength levels. For example, Wang et al. [202] determined a decrease of  
150 MPa at HD of 1.1 ml/100 g Fe from the initial value of 1,450 MPa. This was in good 
agreement with both examined martensitic HAZ microstructures. Nevertheless, the ductility 
showed a remarkable increased degradation. For further usage, the mechanical data are 
currently under implementation in a numerical model for assessment of HAC in HAZ 
microstructures [335,336]. Therefore, numerical analysis was carried out for modeling of the 
well-known Implant-test (for further information Table 2-10 on page 38 is referred). 
 
 
Ductility: fracture strain and reduction of area 
The martensitic HAZ showed the highest sensitivity for certain hydrogen effect on 
degradation in terms of the ductility compared to 16MND5 BM and the bainitic HAZ 
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microstructures. Figure 5-24 shows the determined fracture strain for the martensitic CHAZ 
and Figure 5-25 for martensitic FHAZ. 
 

 
Figure 5-24: 16MND5 Martensitic CHAZ - 

Fracture strain [331] 

 
Figure 5-25: 16MND5 Martensitic FHAZ - 

Fracture strain 
 
In hydrogen free condition, the fracture strain “A” of the martensitic HAZ was similar 
compared to the bainitic HAZ. Both martensitic HAZ microstructures showed initial fracture 
strain value of approximately 15 %. In hydrogen charged condition, both martensitic HAZ 
microstructures showed a distinct degradation of ductility in terms fracture strain. In 
particular, the martensitic CHAZ showed nearly no plastic deformation accompanied by 
abrupt decrease of tensile properties at HD level of 1.8 ml/100 g Fe. Compared to 
“quenched and tempered” martensitic steels with similar strength [195,201,202], the 
 “as-quenched” martensitic HAZ microstructures showed increased degradation. Hence, a 
further PWHT should be beneficial in reducing the degradation susceptibility. 
 
In accordance to the fracture strain “A”, the calculated reduction of area “Z” supported the 
obtained effect of hydrogen on ductility degradation. Figure 5-26 shows the reduction of 
area for the martensitic CHAZ. The FHAZ is shown in Figure 5-27. 
 

     
Figure 5-26: 16MND5 Martensitic CHAZ - Reduction of area [331] 
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Figure 5-27: 16MND5 Martensitic FHAZ - Reduction of area
 
In contrast to the bainitic HAZ (Figure 5-20), the martensitic HAZ showed distinct 
degradation. This was obtained for the martensitic CHAZ already at HD of 1 ml/100 g Fe. 
For example, this is indicated by the red dashed as arrow (condition II) in Figure 5-26. 
Compared to uncharged condition (“I”,) the reduction of area was decreased from 
approximately 60 % to 12 %. 
 
This corresponded to a relative loss of 80 %. If the HD was approximately 4 ml/100 g Fe (in 
condition III) the reduction of area decreased by 90 %. This indicated the distinct 
degradation. This means that a relatively low HD level can contribute to a significant 
detrimental effect on the mechanical properties. Also, the martensitic FHAZ shows a distinct 
degradation. Nevertheless, the necessary HD resulting in a similar degradation was slightly 
higher with approximately 2 ml/100 g Fe. This can be attributed to the slight lower hardness 
of FHAZ (269HV5) compared to the CHAZ value (275HV5). 
 
Compared to the bainitic HAZ, the martensitic HAZ showed an increased sensitivity for 
hydrogen-assisted effects in terms of degradation of both: tensile and ductile properties. 
Nevertheless, the HAZ was more sensitive compared to the BM (due to the remarkable 
higher hardness). This emphasizes the influence of a quenched (HAZ microstructures) or 
tempered (BM) material, i.e. the particular heat treatment condition. 
 
 
5.1.2.4 Fracture Topographies of 16MND5 HAZ Microstructures 

The next figures show in detail the center region and the surface near region of the fracture 
surface of the investigated tensile specimens. In each figure part (a) represents the 
hydrogen free conditions and parts (b) and (c) represents selected fracture topographies at 
a particular HD. Additional features are highlighted by yellow arrows. The used 
abbreviations in the figures are in accordance to the survey of fracture modes given in 
Figure 5-2 (a-f). 
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Fracture topographies: 16MND5 Bainitic CHAZ 
First, the bainitic CHAZ is given in Figure 5-28 (center) and in Figure 5-29 (surface). 

 

 

 

Figure 5-28: Fracture topography of 16MND5 
Bainitic CHAZ - Center region:(a) 
Uncharged, (b) 1.6 ml/100 g Fe, (c) 
3.0 ml/100 g Fe [331] 

Figure 5-29: Fracture topography of 16MND5 
Bainitic CHAZ - Surface region: (a) 
Uncharged, (b) 1.6 ml/100 g Fe, (c) 
3.0 ml/100 g Fe 
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Fracture topographies: 16MND5 Bainitic FHAZ 
The bainitic FHAZ is presented in Figure 5-30 (center) and in Figure 5-31 (surface). 

  

  

  
Figure 5-30: Fracture topography of 16MND5 

Bainitic FHAZ - Center region: (a) 
Uncharged, (b) 1.6 ml/100 g Fe, (c) 
4.7 ml/100 g Fe 

Figure 5-31: Fracture topography of 16MND5 
Bainitic FHAZ - Surface region: (a) 
Uncharged, (b) 1.6 ml/100 g Fe, (c) 
4.7 ml/100 g Fe 
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Fracture topographies: 16MND5 Martensitic CHAZ 
The martensitic CHAZ is presented in Figure 5-32 (center) and in Figure 5-33 (surface). 

  

  

  

Figure 5-32: Fracture topography of 16MND5 
Mart. CHAZ - Center region: (a) 
Uncharged, (b) 0.9 ml/100 g Fe, (c) 
1.8 ml/100 g Fe [331] 

Figure 5-33: Fracture topography of 16MND5 
Mart. CHAZ - Surface region: (a) 
Uncharged, (b) 0.9 ml/100 g Fe, (c) 
1.8 ml/100 g Fe 
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Fracture topographies: 16MND5 Martensitic FHAZ 
The martensitic FHAZ is presented in Figure 5-34 (center) and in Figure 5-35 (surface). 

  

  

  

Figure 5-34: Fracture topography of 16MND5 
Mart. FHAZ - Center region:(a) 
Uncharged, (b) 2.0 ml/100 g Fe, (c) 
4.6 ml/100 g Fe 

Figure 5-35: Fracture topography of 16MND5 
Mart. FHAZ - Surface region: (a) 
Uncharged, (b) 2.0 ml/100 g Fe, (c) 
4.6 ml/100 g Fe 
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Table 5-5 summarizes the obtained predominantly fracture topographies of the different 
16MND5 HAZ microstructures. The used abbreviations in Table 5-5 are in accordance to 
the presented fracture modes given in Figure 5-2 (a - f) on page 119. In addition, the 
denotation of the different HD levels is “low”, “middle” and “high” as already introduced for 
the 16MND5 base material grade. 
 
Table 5-5: Predominantly fracture mode of 16MND5 HAZ microstructures 

Microstructure / Position in 
specimen 

HD in ml/100 g Fe 
Uncharged Low (≤ 1) Middle (≤ 2-3) High (> 4) 

Bainitic 
CHAZ 

Center [331] DD (+ DS) -- DS / QC QC / CF 

Surface DD (+ DS) -- DS / QC IG (+ CF) 

Bainitic 
FHAZ 

Center DD -- DS CF (+ DS) 

Surface DD -- QC (+ SC) CF (+ DS) 

Martensitic 
CHAZ 

Center [331] DD / DS DS / QC IG (+ SC) IG (+ SC) 

Surface DD / DS DS / QC  IG (+ SC) IG (+ SC) 

Martensitic 
FHAZ 

Center DD (+ DS) DD / DS DS / QC 
(+QCF) QC (+ SC) 

Surface DD (+ DS) QCF / DS IG (+ QC) IG (+ SC) 

 
The predominantly fracture mode for each HAZ microstructure was characterized by deep 
dimpled (DD) topography in uncharged condition. In other words, the hydrogen free 
condition was characterized by ductile fracture as indicated in each part (a) from  
Figure 5-28 to Figure 5-35. Only the martensitic CHAZ showed a certain mixture of deep 
shallow dimples (“DD/DS”), which indicates a reduced ductility. This was expressed by the 
slightly reduced fracture strain and reduction of area. 
 
In contrast to the 16MND5 BM, the simulated HAZ microstructures were characterized by a 
changed fracture topography in hydrogen charged condition as shown in the parts (b) and 
(c) from Figure 5-28 to Figure 5-35. At first, it has to be emphasized that “fish-eyes” (QCF) 
partly appeared in the martensitic FHAZ. Due to the identified Al-rich inclusions in the 
16MND5 BM (Figure 5-14), it is assumed that these inclusions dissolved during thermal 
simulation. The applied peak temperature for thermal simulation of CHAZ( 1,200°C) and 
FHAZ (1,000°C) were above the reported dissolution temperature of 960°C of an  
Al-N bearing compounds in a Mn-Mo-Ni RPV grade [332]. Nevertheless, the appearance of 
QCF in martensitic FHAZ can be attributed to the partly dissolution of the identified Al-rich 
inclusions due to locally lower peak temperatures below 1,000°C as used for thermal 
simulation of the FHAZ microstructures. 
 
The martensitic HAZ was identified as the most sensitive microstructure for a certain 
hydrogen effect on degradation, independently of the CHAZ or FHAZ. Both martensitic 
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microstructures showed at HD from 2 ml/100 g Fe to 3 ml/100 g Fe a distinct area of 
intergranular cracking in surface near region and center region. For example, this was 
shown for the martensitic CHAZ in Figure 5-32-c and Figure 5-33-c and in case of the 
martensitic FHAZ in Figure 5-35-b. In particular, the martensitic CHAZ showed fully 
intergranular fracture at HD level of 1.8 ml/100 g Fe accompanied by secondary cracks 
indicating the high sensitivity for hydrogen-assisted degradation. 
 
In contrast, brittle fracture appeared in the bainitic HAZ if an increased HD of approximately 
3.0 ml/100 g Fe was reached, for example in the bainitic CHAZ (Figure 5-28-c and  
Figure 5-29c). Additionally, a HD of 4.7 ml/100 g Fe resulted in a distinct cleavage fracture 
(“CF”) in case of bainitic FHAZ (Figure 5-30-c and Figure 5-31-c). On the other hand, these 
fracture appearance indicated sufficient applied charging parameters due to homogenous 
fracture topography for the entire fracture surface appeared at middle and high HD level. 
Hence, a uniform hydrogen distribution was assumed in the hydrogen charged specimens. 
 
 
5.1.2.5 HD Ranges for Degradation of 16MND5 Weld Microstructures 

It can be ascertained that appearance of the fracture topographies allowed a qualitative 
ranking of the HAZ microstructures and the BM in terms of their particular sensitivity for 
degradation of the mechanical properties. Based on their sensitivity (in terms of necessary 
HD levels), the examined 16MND5 microstructures can be ranked in decreasing order: 
 

Martensitic CHAZ  martensitic FHAZ  bainitic CHAZ  bainitic FHAZ  BM 
 
This order can be directly linked to hardness of the HAZ (see Table 4-8 on page 92) and 
the initial hardness of 16MND5 BM with 195HV5. The hardness of the martensitic 
microstructures was approximately 400HV5 to 450HV5 and approx. 270HV5 in case of the 
bainitic HAZ. Hence, distinct hardening results in a generally increased sensitivity for 
hydrogen-assisted degradation of the mechanical properties. Especially a martensitic 
microstructure having high hardness (with the initial mechanical properties) encompasses a 
remarkably increased sensitivity. This is also common for LA martensitic high-strength 
steels [195,201,202]. A possible hydrogen uptake in case of welding with fast cooling rate 
has to be considered in terms of possible degradation or HAC (for example repair welding 
in thick-walled structures with high restraint). The 16MND5 HAZ microstructures showed 
remarkable (and detrimental) effect of hydrogen on ductility in the as-quenched condition. 
Additional tempering was reported to have beneficial effects to decrease the hydrogen 
effect on mechanical properties’ degradation [99,227,241]. The quenched and tempered 
BMs 16MND5 and 20MND5 were only slightly influenced in terms of ductility and unaffected 
in terms of the tensile properties. 
 
Definition of HD ranges for degradation 
Due to the complex interaction of hydrogen, the applied load and the microstructure it is 
suggested to define a “critical” range of a HD. This could improve the quality of such an 
assessment parameter instead of a single “critical” concentration based (for example) on a 
zero ductility criterion [337]. Based on the mechanical properties (distinct loss of tensile 
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strength and ductility or immediately zero ductility) and the fracture topography, the HD 
ranges can be assumed as “critical”. They are shown in Table 5-6. 
 
Table 5-6: Hydrogen concentration range for degradation of 16MND5 microstructures 

Microstructure 
HD range 

in ml/100 g Fe 

Minimum (Criterion) Maximum (Criterion) 

16MND5 BM 3 Z > 3 Z 

20MND5 BM 2 Z > 2 Z 

Martensitic CHAZ 1 Z 3 Rm, Rp0.2 

Martensitic FHAZ 2 Rm 3 A, Z 

Bainitic CHAZ 2 A, Z 4 HD max. 

Bainitic FHAZ 2 Z 7 HD max. 

 
The values listed in Table 5-6 enable a microstructure depended definition of HD ranges for 
hydrogen-influenced degradation of the mechanical properties. The values can be regarded 
as recommendations in terms of considerable hydrogen concentrations resulting in an 
increased risk for HAC. Nevertheless, the ductility will be the crucial factor: either the 
fracture strain (“A”) or the reduction of area (“Z”). 
 
 
5.1.3 Mechanical Properties of T24 BM, HAZ Microstructures and Weld 

Metal 

5.1.3.1 Mechanical Properties of T24 BM vs. T22 BM 

Tensile properties: yield strength and tensile strength 
The next figures show the obtained YS and UTS of the creep-resistant BM grades  
(T24: Figure 5-36 and T22: Figure 5-37). The mechanical properties of T24 have been 
reported in [338]. In the next figures, they are compared to the T22 BM. 
 

Figure 5-36: T24 BM - Rm  and Rp0.2 [338] 
 

Figure 5-37: T22 BM - Rm  and Rp0.2  
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In uncharged condition both materials showed sufficient mechanical properties in terms of 
UTS “Rm” and YS “Rp0.2”. Additionally, both materials had pronounced yield strength “Re”. As 
shown for the RPV grades, the HAZ only showed non-pronounced yield strength “Rp0.2”. For 
better comparison, the values are indicated for both BMs are additionally labeled with 
“Rp0.2”. As shown in Figure 5-36, T24 grade showed remarkable increased YS and UTS. 
The carbon content of the T24 is decreased compared to T22 (0.06 % vs. 0.10 %) which 
could be interpreted in terms of lower strength. Nevertheless, the addition of V, B and Ti to 
Cr-Mo steels results in higher initial UTS and YS due to very fine-dispersed precipitates 
[36,72,75,79,107]. They are also responsible for an increased creep-strength. 
 
In contrast to the RPV grades, the T24 and T22 BM showed a specified HD level for a 
distinct degradation. This concentration was characterized by a sudden loss in the tensile 
strength at a certain HD compared to non-detected degradation in case of the 16MND5 or 
the 20MND5. A HD level of (and above) 4.2 ml/100 g in the T24 BM (Figure 5-36) resulted 
in the already mentioned zero ductility (UTS ≤ initial YS in hydrogen free condition). In this 
case, the UTS decreased from approximately 700 MPa to 600 MPa. In case of the T22 
(Figure 5-37), a concentration of 2 ml/100 g Fe results in a remarkable degradation of UTS 
(620 MPa to 560 MPa). It is noteworthy that both creep-resistant grades showed a slight but 
remarkable increase of UTS and YS with increasing HD. This is in accordance with the so-
called hardening effect as mentioned in the HELP mechanism [156,158]. It is assumed that 
hydrogen diffuses in highly strained regions and reduces the volubility of dislocations due to 
pinning effect resulting in a hardening of the material. Nevertheless, the T24 showed a two 
times higher crucial HD range for the distinct degradation of the UTS and YS. This is 
attributed to generally higher hydrogen trapping capability in case of V and Ti-addition due 
the increased number of hydrogen traps (in terms of finer grain size, solute atoms and 
increased number of carbides). In particular, this can be seen in terms of finest-dispersed 
V-containing carbides [237,238,243]. 
 
Ductility: fracture strain and reduction of area 
The next figures show the obtained fracture strain “A” and calculated reduction of area “Z”. 
The T24 BM data are given in Figure 5-38 and Figure 5-40. T22 BM data is given in  
Figure 5-39 and Figure 5-41. 
 

Figure 5-38: T24 BM - Fracture strain [338] 
 

Figure 5-39: T22 BM - Fracture strain 
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Figure 5-40: T24 BM - Reduction of area [338] 
 

Figure 5-41: T22 BM - Reduction of area 
 
The previous figures confirmed the presumed detrimental hydrogen effect. Both creep-
resistant steel grades showed a remarkable loss of the fracture strain. In the case of T24 
(Figure 5-38), a HD level of approximately 2.5 ml/100 g Fe results in degradation of the 
initial fracture strain from 24 % to 16 % (mean values). In the case of T22 (Figure 5-39),  
a similar HD level of approximately 2 ml/100 g Fe results in a degradation of the fracture 
strain from 26 % to a range from 6 % to 11 %. Hence, both grades had been very sensitive 
to a hydrogen-assisted degradation of tensile properties and ductility. The crucial HD value 
for instantaneous degradation was 4.2 ml/100 g Fe in case of T24 (mentioned in the tensile 
properties). In addition, this was supported by abrupt decrease of the fracture strain (see 
Figure 5-38). The reduction of area revealed similar data. The V-alloyed T24 showed 
distinct degradation expressed by (nearly) zero ductility at increased HD compared to 
conventional T22 (4 ml/100 g Fe vs. 2 ml/100 g Fe). This behavior is in accordance with 
previously reported data of Pillot et al. [191,194]. The Cr-Mo-V grades show a higher 
resistance on a possible degradation compared to Cr-Mo grades [339]. As mentioned, the 
main reason was the increased hydrogen solubility of Cr-Mo-V steels [237,238,243]. An 
increasing number of traps can bind possible hydrogen concentrations, which would maybe 
detrimental for the mechanical properties. 
 
Compared to the RPV Mn-Mo-Ni grades used in nuclear engineering, the Cr-Mo and  
Cr-Mo-V steel grades showed an increased degradation susceptibility expressed by the 
reduction of area at a HD of 2 ml/100 g Fe. Hence, a generalized quenched and tempered 
BM condition cannot be applied as qualitative criterion for a certain degradation 
assessment. In addition, Takasawa et al. [340] concluded that Cr-alloyed (9%) steels are 
more susceptible to HAC compared to Ni-bearing steels. This was confirmed in the present 
work. Hence, the applied alloying concept has to be considered despite of the particular 
heat treatment condition. 
 
 
Investigation of fracture topographies 
The next figures show the center region (Figure 5-42) of the fracture surface of the T24 BM. 
The surface near region is shown in Figure 5-43. The figures had been partly  
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shown in [338]. For further contemplations, they are presented subsequently in detail. In 
addition, the yellow arrows in the figures indicate the determined inclusions. 
 

  

  

  
Figure 5-42: Fracture topography of T24 BM - 

Center region (a) Uncharged, (b) 2.1 
ml/100 g Fe, (c) 4.5 ml/100 g Fe 
[338] 

Figure 5-43: Fracture topography of T24 BM - 
Surface region (a) Uncharged, (b) 
2.1 ml/100 g Fe, (c) 4.5 ml/100 g Fe 
[338] 
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It is noteworthy that Cr-Mo-V alloyed T24 showed distinct quasi-cleavage around inclusions. 
As mentioned, a HD above 4 ml/100 g Fe resulted in zero ductility indicated by nearly fully 
“embrittled” fracture surfaces (mix of QCF and QC) shown in Figure 5-42-c (center region) 
and Figure 5-43-c (surface near area). Additionally, this indicated that the used charging 
parameters were sufficient for homogenous hydrogen distribution. As a result, the 
determined concentration was presumed as representative HD for the entire BM 
microstructure. 
 
The Cr-Mo BM T22 showed a similar evolution of fracture topographies with QCF / “fish-
eyes” even in lower HD range up to 1.5 ml/100 g Fe. At maximum value of 2.1 ml/100 g Fe, 
the T22 showed a mixture of QC and QCF as shown in Figure 5-44. 
 

  

Figure 5-44: Fracture topography of T22 BM at maximum HD of 2.1 ml/100 g Fe: (a) Center region 
uncharged, (b) Surface near region 

 
The identified fracture topography was similar to T24 BM at corresponding maximum HD 
level of 4.5 ml/100 g Fe (refer to Figure 5-42 and Figure 5-43). The conventional T22 grade 
showed similar evolution of fracture characteristic compared to T24, but at lower HD. This 
fact is due to decreased hydrogen solubility of the T24. The entire corresponding sequence 
of T22 fracture figures can be found in the annex (center region in Figure 13-3 and surface 
near region in Figure 13-4 both on page 292). 
 
 
QCF formation and chemical composition of inclusions 
Both creep-resistant steel grades showed formation of QCF / “fish-eyes”. Figure 5-45 shows 
(in the upper part) a typical inclusion of the T24 BM microstructure and Figure 5-46 shows 
the T22 BM (chemical compositions in the lower part). The determined inclusions are 
indicated with yellow arrows in the upper part of the figures and the predominantly elements 
(derived from EDX measurements) are indicated in the lower part. 
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Figure 5-45: “Fish-eye” around inclusion 

(T24 BM: 2.6 ml/100 g Fe) [338] 
Figure 5-46: “Fish-eye” around inclusion 

(T22 BM: 0.5 ml/100 g Fe) 
 
The SEM and EDX investigation showed that the typical size of an inclusion can be in the 
range from several µm to 10 µm. As mentioned for the RPV grades, the mechanical load 
perpendicular to the fracture surface resulted in a stress-concentration around the inclusion. 
This highly stressed region is preferably embrittled by the charged hydrogen resulting in 
quasi cleavage fracture (“fish-eye”). Typical chemical compositions are Ti-rich particles in 
case of the T24 (emphasized by yellow arrow in lower part of Figure 5-45). Al-S-Ca-rich 
complex compounds were identified in case of T22 (yellow arrows in lower part of 
Figure 5-46). The Ti-particles only appear in the T24 due to the Ti-addition as alloying 
element. 
 
In contrast to the RPV grades, the creep-resistant grades showed remarkable 
“embrittlement”. This was characterized by distinct appearance of QC and remarkable 
degradation of ductility. Nevertheless, the Cr-Mo-V steel grade T24 showed the highest 
resistance to degradation in presence of the charged HD range. 
 

QCF QCF 

10 µm 10 µm 
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5.1.3.2 Mechanical Properties of T24 HAZ Microstructures 

For the consideration of the on-site boundary conditions, the simulated HAZ microstructures 
were not subjected to a further PWHT. Hence, they have been in “as-welded/as-simulated 
or as-quenched” condition. 
 
Tensile properties: Yield strength and tensile strength 
This chapter presents the obtained tensile properties of the T24 CHAZ (Figure 5-47) and 
the FHAZ (Figure 5-48). The mechanical data of the CHAZ have been already published in 
[341341]. 
 

Figure 5-47: T24 CHAZ - Rm and Rp0.2 [341] 
 

Figure 5-48: T24 FHAZ - Rm and Rp0.2 
 
As determined for HAZ microstructures of the 16MND5, the T24 HAZ microstructures 
showed distinct increase of the UTS (Rm) and YS (“Rp0.2”) in uncharged condition. 
Additionally, the UTS of the CHAZ (1,170 MPa mean value) was slightly higher compared to 
FHAZ (1,100 MPa). Both T24 HAZ microstructures showed non-pronounced YS “Rp0.2” 
compared to well-pronounced YS of the BM. Hence in “as-welded” condition, the area of 
the BM subjected to weld-heat input (i.e., the HAZ) change its mechanical characteristics 
even in hydrogen free condition. 
 
In hydrogen charged condition, both HAZ microstructures showed remarkable decrease of 
the tensile properties depending on the absorbed HD. The T24 CHAZ showed distinct 
degradation at a HD level of 4 ml/100 g Fe expressed by decrease of UTS to the range of 
the YS (approximately 900 to 1,000 MPa). The FHAZ showed this degradation at a HD level 
of approximately 6 ml/100 g Fe. The higher solubility of the FHAZ was probably a result of 
these partly dissolved carbides. 
 
Ductility properties: fracture strain and reduction of area 
The next figures show the obtained fracture strain (CHAZ: Figure 5-49 and FHAZ:  
Figure 5-50). The corresponding reduction of area is shown for both T24 microstructures in 
the figures (CHAZ: Figure 5-51 and FHAZ: Figure 5-52) subsequently to the fracture strain 
diagrams. 
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Figure 5-49: T24 CHAZ - Fracture strain [341] 
 

Figure 5-50: T24 FHAZ - Fracture strain 

Figure 5-51: T24 CHAZ - Reduction of area [341] 
 

Figure 5-52: T24 FHAZ - Reduction of area 
 
The initial fracture strain “A” of both HAZ microstructures was decreased (13 % to 15 %) 
compared to the T24 BM (with 23 %). Both HAZ microstructures showed a remarkable 
decrease of the fracture strain in hydrogen charged condition. At HD level of  
4 ml/100 g Fe (CHAZ) and 6 ml/100 g Fe (FHAZ) zero ductility appeared in single 
specimens. The T24 FHAZ showed a decreased sensitivity, i.e. an increased resistance to 
degradation. This can be also identified in the obtained data of reduction of area “Z”. Both 
T24 HAZ microstructures showed nearly zero ductility (CHAZ: Figure 5-51 and FHAZ: 
Figure 5-52). These values close to “zero” indicate that the specimen fractured with  
a mostly embrittled microstructure due to hydrogen absorption. Hence, the HAZ in “as-
welded” condition has to be considered as susceptible microstructure for HAC or the 
degradation of mechanical properties. 
 
This was in accordance with the findings of Moody and Barnard [20] who had shown that 
the HAZ of T24 had certain HAC susceptibility, in particular if the Vickers hardness 
exceeded 350HV. For comparison, the simulated FHAZ and CHAZ showed a hardness of 
approximately 350HV with certain peaks of 370HV. Supporting the determined hydrogen 
effect, Hoffmeister and Böllinghaus [21] reported distinct effect of hydrogen on the (SSRT) 
HAZ ductility expressed by severe reduction of fracture strain for T24 HAZ (and T22). This 
is in accordance to Takasawa et al. [340]. They concluded that coarse grain microstructures 
were more susceptible to HAC (or degradation) compared to fine grain microstructures. 



5 Results and Discussion 

148  BAM-Dissertationsreihe 

Fracture topography: T24 HAZ microstructures 
The next figures show the obtained fracture topographies of the T24 CHAZ center region 
(Figure 5-53) and the surface near region (Figure 5-54).  
 

  

  

  
Figure 5-53: Fracture topography of T24 CHAZ 

- Center region: (a) Uncharged, (b) 
2.3 ml/100 g Fe, (c) 4.5 ml/100 g 
Fe [341] 

Figure 5-54: Fracture topography of T24 CHAZ - 
Surface region: (a) Uncharged, (b) 
2.3 ml/100 g Fe, (c) 4.5 ml/100 g Fe 
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In case of a HD level of 2.3 ml/100 g Fe in Figure 5-53-b and Figure 5-54-b, the 
T24 CHAZ showed a distinct change of the fracture topography from ductile to remarkable 
cleavage fracture (“CF”). By further increase of HD to 4.5 ml/100 g Fe, the topography 
changed to intergranular cracking accompanied by secondary cracks. This is a strong 
support for the determined gradually decrease of the tensile properties and the ductile 
properties. 

The T24 FHAZ microstructure showed a similar evolution of the occurring fracture 
topographies in terms of “ductile” to “brittle” fracture mode with increasing HD. The 
complete sequence of T24 FHAZ figures can be found in the annex (Figure 13-5 to 
Figure 13-8 from pages 293 - 294). In accordance to the BM, the T24 FHAZ also shows 
remarkable formation of “fish-eyes” / QCF. This was the case for a HD range of 
0.9 ml/100 g Fe to 3.3 ml/100 g Fe. For example, Figure 5-55 shows the “fish-eye” of an 
inclusion in the T24 FHAZ (part a on the left) and the corresponding chemical composition 
(part b on the right). 

Figure 5-55: T24 FHAZ - QCF fracture topography (“fish-eyes”) at HD of 3.3 ml/100 g Fe: (a) QCF 
around Ti-rich inclusions, (b) EDX spectrum 

The chemical composition of the inclusions in Figure 5-55 was identified as Ti-rich particle 
with amounts of N (assumed as TiN). This is in accordance to the inclusions determined in 
the T24 BM (Figure 5-45). Hence, they are assumed to act as initiation point for “brittle” 
fracture (QCF) in accordance to the findings of Lynch [172] or Martin et al. [173]. 
Nevertheless, QCF formation indicates an increased resistance in terms of degradation at a 
given (more or less increased medium or high) HD. This was in accordance with the 
obtained FHAZ ductility compared to that of the CHAZ in the range from approximately 
1 ml/100 g Fe to 3 ml/100 g Fe (for example, fracture strain of both HAZ microstructures 
was shown in Figure 5-49 and Figure 5-50). Nevertheless, Ti-rich inclusions appear in the 
CHAZ, too. It was assumed that the simulated peak temperature of 1,200°C was insufficient 
for dissolving these macro-scaled inclusions supporting the assumption of TiN-containing 
chemical compounds. Typically, TiN-particles are thermally stable up to 1,450°C in 
accordance to [316]. 
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Table 5-7 summarizes the predominantly fracture topographies for both microstructures 
(T24 CHAZ and FHAZ) assorted by center and surface near region of the fracture surface. 
The used abbreviations are in accordance to the presented fracture modes given in  
Figure 5-2 (a - f). 
 
Table 5-7: Predominantly fracture mode/topography of T24 HAZ microstructures 

Microstructure / 
Position in 
specimen 

HD range in ml/100 g Fe 

Uncharged Low (≤ 1) Mid. (≤ 2-3) High (> 4) 

T24 
CHAZ 

Center DD -- CF IG (+SC) 

Surface DD -- CF (+SC) IG (+SC) 

T24 
FHAZ 

Center DD DS / QC DS / QCF QC / CF 

Surface DD DS / QCF DS / QCF QC / CF(+ SC) 

 
It was obvious that certain HD ranges corresponded to the previous mentioned mechanical 
properties. Especially, the T24 CHAZ was identified as the most susceptible microstructure 
in terms of degradation. For example, this was characterized by distinct intergranular 
cracking and in accordance with the conclusions made by Lynch [156,161], Robertson et al. 
[170] or the findings of Takasawa et al. [340]. Summarized, they agree that IG  
fracture characterizes hydrogen cracking at high HDs (like the charged HD of  
4 ml/100 g Fe in the T24 CHAZ). 
 
Nevertheless, T24 HAZ was more susceptible in presence of hydrogen compared to the 
BM. This was in accordance to 16MND5 HAZ microstructures and demonstrated the 
influence of the as-welded (untempered) condition in terms of susceptible HAZ 
microstructures. Hence, the appearing hardness of a microstructure (i.e. amount of 
martensite) should be considered for assessment of potential hydrogen-assisted 
degradation or a possible related cracking. 
 
 
5.1.3.3 Mechanical Properties of T24 Weld Metal (TIG Weld Joints) 

In accordance to BM and HAZ, a typical weld joint was investigated. For investigation of on-
site boundary conditions, the obtained (TIG) weld metal was not subjected to further PWHT. 
A part of this experimental work presented in this chapter was partly conducted during a 
diploma thesis [320] under guidance and collaboration of author of this present thesis and 
published in joint paper in [341]. 
 
Tensile properties: yield strength and tensile strength 
Figure 5-56 shows the mechanical properties of the manual TIG-welded T24 WM 
specimens that have been extracted from the butt joints (the used weld joint geometry can 
be found in Figure 4-15). 
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Figure 5-56: T24 WM - Rm and Rp0.2 [320,341] 
 
In hydrogen free condition, T24 WM showed a medium-strength level of UTS and YS in 
intermediate range between those values of the BM and HAZ. In addition, the WM showed 
non-pronounced YS. In hydrogen charged condition, the WM did not show any remarkable 
degradation of tensile properties in the examined HD range up to 9.5 ml/100 g Fe. The YS 
(of approximately 780 MPa to 800 MPa) was reached in the entire spawn of the mentioned 
HD range. 
 
Ductility properties: fracture strain and reduction of area 
The ductility properties of T24 WM are given in the next figures. The obtained fracture strain 
“A” is shown in Figure 5-57 and the calculated reduction of area “Z” in Figure 5-58. 
 

Figure 5-57: T24 WM - Fracture strain [320,341] 
 

Figure 5-58: T24 WM - Reduction of area 
[320,341] 

 
In hydrogen free condition, the as-welded WM without PWHT showed a relatively initially 
high fracture strain (15 % mean value) and approximately 80 % of reduction of area. As a 
result, the WM showed sufficient ductility, i.e. toughness. For hydrogen free condition, the 
obtained mechanical properties are in accordance to the corresponding standards, 
recommendations and technical guidelines [71,103,318]. Hence, the hydrogen influence 
should be comparable to that in the HAZ. This was confirmed in hydrogen charged 
condition by the gradual decrease of the ductility with increasing HD. 
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The data scatter increased compared to the BM and HAZ. This means that the WM (as 
expected) showed discontinuities expressed by different ductility. The reason can be 
attributed to the manually welded TIG joints. Each weld joint represents a unique specimen. 
As a result, heterogeneities of the local cooling time and hot spots with overheating are 
assumed. Nevertheless, the WM showed above HD of 4 ml/100 g Fe a small but 
remarkable residual ductility. As mentioned, at this concentration T24 CHAZ and BM had 
been already fractured. Hence, a HAC initiation was predicted in the CHAZ microstructure 
(or generally the HAZ before WM will fracture). This was mentioned by Pillot et al. [203] for 
gas-phase hydrogen charged specimens. Additionally, Blach et al. [196] showed sufficient 
toughness of T24 WM specimens in presence of hydrogen. This indicates the decreased 
degradation susceptibility compared to the other T24 HAZ microstructures. 
 
Fracture topography of T24 WM 
A part these data (center region - Figure 5-59) was taken from [320]. Figure 5-60 extends 
the reported analysis by including the fracture topographies of the surface near region that 
have not been shown in the reference. 
 

  

  
Figure 5-59: Fracture topography of T24 WM - 

Center region: (a) Uncharged, (b) 
1.0 ml/100 g Fe [320,341] 

Figure 5-60: Fracture topography of T24 WM - 
Surface region: (a) Uncharged, (b) 
1.0 ml/100 g Fe 
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Figure 5-61: Fracture topography of T24 WM - 4.5 ml/100 g Fe: (a) Center region, (b) Surface region 

[320,341] 
 
The hydrogen free condition was characterized by ductile fracture mode (dimpled fracture 
surface topography) as shown in the part (a) of Figure 5-59 and Figure 5-60. In hydrogen 
charged condition, localized QC and QCF “(fish-eyes”) topography can be found within the 
HD range between 1.0 ml/100 g Fe to 4.5 ml/100 g Fe (as shown in Figure 5-59-b and 
Figure 5-61-a/b). The EDX examination revealed Ti-rich composition of these inclusions 
(not shown). However, the localized “fish-eyes” explained the reduced and only gradually 
decreased ductility in this HD range. This is in accordance to the T24 BM. In addition, “fish-
eyes” were also found by Pancikiewicz et al. [18] in the T24 WM. Due to the mixture of 
ductile and “embrittled” QCF areas the WM withstands the degradation even with the 
mentioned 4.5 ml/100 g Fe. This HD already resulted in full degradation of T24 BM and 
CHAZ. Hence, a closer view was necessary for higher HD levels in the WM. Figure 5-62 
shows the fracture topography for a HD level of 8.3 ml/100 g Fe. 
 

  
Figure 5-62: Fracture topography of T24 WM - 8.3 ml/100 g Fe: (a) Center region [341], (b) Surface 

near region 
 
A charged HD	of 8.3 ml/100 g Fe resulted in remarkable change of fracture topography to a 
mostly “brittle” one, which was characterized by QC and CF. These findings are in 
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accordance to those of Blach et al. [196] for electrochemically hydrogen charged T24 WM 
specimens. However, they did not present certain hydrogen levels. As shown in  
Figure 5-62, additional secondary cracks appear and indicate the brittle nature of fracture, 
which is in accordance to the determined mechanical properties. Nevertheless, the WM was 
regarded as less susceptible compared to the BM and especially the HAZ microstructures. 
The higher hydrogen solubility of the WM was attributed to the heterogeneous 
microstructure of the WM itself or a distinct increase of the dislocations acting as hydrogen 
traps and is discussed further in the chapter 5.4 (hydrogen solubility and trapping). 
 
 
5.1.3.4 HD Ranges for Degradation of T24 Weld Microstructures 

It can be ascertained that the appearance of fracture topographies allowed a qualitative 
ranking of T24 weld microstructures in terms of their sensitivity to a certain degradation of 
mechanical properties in correlation with the determined HD levels. This was in decreasing 
order: 
 

CHAZ  BM (T24) FHAZ  WM 
 

If comparing both BM grades, the Cr-Mo grade T22 showed the lowest resistance to a 
gradually decrease of the mechanical properties in presence of hydrogen compared to the 
T24. This was attributed to the higher hydrogen trapping capability of the Cr-Mo-V grades. 
In contrast to the RPV grades, the T24 BM shows a slight decreased resistance compared 
to the FHAZ. The identified order cannot be directly linked to the estimated Vickers 
hardness due to similar hardness of HAZ and WM. Nevertheless, it was possible to 
determine transient mechanical properties (i.e. the degradation) in correlation to a certain 
HD.  
 
Due to the complex interaction of hydrogen, microstructure and the applied load it was 
assumed more practicable to define a “crucial” range of a HD instead of a single “critical” 
concentration compared to Zimmer [337]. Based on the mechanical properties and the 
determined fracture topography, these HD ranges were assumed to be “critical”. These 
ranges are shown in Table 5-8. For comparison, T22 BM is given below the T24 BM. 
 
Table 5-8: Hydrogen concentration ranges for degradation of T24 BM, HAZ and WM microstructures 

Micro-
structure 

 HD Range 
in ml/100 g Fe 

Minimum (Criterion) Maximum (Criterion) 

BM (T24) 4 A, Z 5 UTS, YS 

BM (T22) 1 A, Z 2 UTS, YS 

FHAZ 3 A, Z 6 UTS, YS 

CHAZ 2 A, Z 4 UTS, YS 

WM 4 A, Z 8 Max. HD 
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The values given in Table 5-8 define a microstructure dependency of the HD ranges in 
which certain degradation has to be considered. Thus, they can be regarded as 
recommendations representing considerable hydrogen concentrations in terms of reducing 
the risk for HAC or hydrogen effect on degradation of mechanical properties. 
 
 
5.1.4 Degradation Evaluation 

5.1.4.1 Evaluation Concepts 

Independent of the investigated microstructure the mechanical properties of each tensile 
specimen represents a single data point with a certain HD. Hence, the assessment of the 
hydrogen influence had mostly qualitative character in terms ranking the mentioned 
microstructures by their HD ranges for degradation. It can be useful to define a transient 
description for the analytically quantitative description of the hydrogen effect. Ideally, a 
mathematical regression procedure can be applied. A possible technique for the evaluation 
of the degradation is the so-called embrittlement index derived from the reduction of area 
[201,340,342]. With this concept, the mentioned stronger effect of hydrogen on the ductility 
can be assessed. Nevertheless, this index only normalizes the hydrogen effect on the 
hydrogen free condition and is limited to ranking orders. 
 
 
5.1.4.2 True-Strain Envelope Curve Concept 

Böllinghaus and Hoffmeister [343] suggested a numerical model for HAC crack initiation 
based on comparison of hydrogen-influenced ductility and numerically calculated local 
strain. The ductility was assessed by the so-called true strain. It is calculated by  
Equation 5-1 [344]. 
 

εb= ln
A0

Af
 Equation 5-1: True strain “εb” 

 
Where, “εb” is true strain and “A0” is the initial cross section area of the tensile specimen. 
The value “Af” is the fracture surface area at a certain HD level. In case of plotting “εb” 
versus HD, a particular εb-value of zero would indicate zero ductility. This approximation by 
logarithmic regression function allows persistent description of hydrogen related 
degradation of material properties (which especially accounts the ductility). Thus, each 
examined weld microstructure can be defined in terms of a certain susceptibility considering 
the three main HAC factors: microstructure, stress (or strain) and local HD. In general, the 
experimental data showed a certain scatter. The definition of envelope curves is necessary 
to define a specific scatterband which considers the entity of determined mechanical data. 
For example, this procedure was applied in the dissertation of Zimmer [337]. 
 
Figure 5-63 shows the general approach for determining the mentioned envelope curves. 
They are represented by green dots for the upper envelope curve (UC) and orange dots for 
the lower envelope curve (LC). They are a kind of exponential fitting of the selected data 



5 Results and Discussion 

156  BAM-Dissertationsreihe 

points. Hence, they did not represent “real” envelopes. Nevertheless, the term “envelope 
curve” is used in the following. 
 

 
Figure 5-63: General approach for calculation of envelope curves 
 
For approximation of the UC, corresponding maximum true strain values (green filled dots) 
are defined as upper boundary of the scatterband. The minimum values represent the lower 
boundary for the LC (orange filled dots). The white filled dots represent data within the 
scatterband. For that reason, LC and UC was calculated by best fit exponential function 
using the method of minimizing the summarized deviation error squares. The envelope 
curves were calculated according to Equation 5-2. 
 

ln
A0

Af
=A* e- HD

B  + C Equation 5-2: Approximation function of the hydrogen 
influenced true strain 

 
Where, “A” represents a pre-exponential factor, HD is the obtained hydrogen concentration 
in ml/100 g Fe, “B” is an exponential factor and “C” is an additional microstructure 
dependent constant. Based on [337,343], the lower envelope curve should be used in case 
of numerical analysis. The reason is the necessary consideration of the occurring 
scatterband of the mechanical data. 
 
This scatterband encompasses the most detrimental effect of hydrogen in terms of the 
lowest tolerated strain level at a certain HD. In other words, a “safe”  
HD range can be established that accounts formation of HAC if a defined pair of HD and 
local strain was exceeded. 
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5.1.4.3 Envelope Curves - Examples for Investigated BM Microstructures 

The calculated envelope curves for all investigated microstructures are presented next. Due 
to the large number of investigated microstructures, the next figures only show the BM 
grades: 16MND5 (Figure 5-64), 20MND5 (Figure 5-65), T24 (Figure 5-66) and 
T22 (Figure 5-67). Further diagrams containing the envelope curves can be found in the 
annex from page 297 to 300 (16MND5 HAZ, T24 HAZ and WM microstructure). 

Figure 5-64: 16MND5 BM - Envelope curves 
published in [331] 

Figure 5-65: 20MND5 BM - Envelope curves 

Figure 5-66: T24 BM - Envelope curves [338] 
published in [341] 

Figure 5-67: T22 BM - Envelope curves 

From Figure 5-64 to Figure 5-67, it can be derived that each of the BM grades showed 
specific hydrogen-influenced material behavior. For example, the RPV steel grades showed 
increased resistance to degradation (of ductility) compared to the creep-resistant steel T22. 
This is in accordance to the presented mechanical properties. 

In addition to the above diagrams, the next tables summarize the calculated LC and UC for 
the BMs (Table 5-9). The HAZ microstructures are shown in Table 5-10 and T24 WM is 
presented in Table 5-11 (these data had been already published in [341]). 

Crack 

No Crack 

Crack 

No Crack 

Crack 

No Crack 

Crack 

No Crack 
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Table 5-9: LC and UC of base materials 

Material Lower envelope curve Upper envelope curve 

16MND5 
BM 

[331] 

εb	= 0.531 * e - HD
0.84 + 0.84 εb= 0.820 * e - HD

0.21 +0.030 * e -	 HD
2.20 	+ 0.65 

Equation 5-3: LC - 16MND5 BM Equation 5-4: UC - 16MND5 BM 

20MND5 
BM 

εb	= 1.320 * e - HD
2.54  εb= 1.400 * e - HD

3.39  

Equation 5-5: LC - 20MND5 BM Equation 5-6: UC - 20MND5 BM 

T24 
BM 

εb	= 1.420 * e ‐	
HD
2.22 - 0.04 εb= 1.750 * e - HD

3.85 - 0.24 

Equation 5-7: LC - T24 BM [338] Equation 5-8: UC - T24 BM [338] 

T22 
BM 

εb	= 1.308 * e ‐	
HD
1.20  εb=1.512 * e 	

HD
6.20  

Equation 5-9: LC - T22 BM Equation 5-10: UC - T22 BM 
 
Table 5-10: LC and UC of HAZ microstructures 

Material Lower envelope curve Upper envelope curve 

16MND5 
Martensitic 
CHAZ [331] 

εb	= 0.815 * e - ( HD
0.41) + 0.02 εb = 0.840 * e - ( HD

0.41) + 0.09 

Equation 5-11: LC - 16MND5 M CHAZ Equation 5-12: UC - 16MND5 M CHAZ 

16MND5 
Martensitic 

FHAZ 
εb	= 0.950 * e	-	(

HD
0.55) + 0.01 εb = 1.000 * e -	( HD

0.80) + 0.08 

Equation 5-13: LC - 16MND5 M FHAZ Equation 5-14: UC - 16MND5 M FHAZ 
16MND5 
Bainitic 
CHAZ 
[331] 

εb	= 1.050 * e -	( HD
0.64) εb = 1.130 * e -	( HD

1.21) 

Equation 5-15: LC 16MND5 B CHAZ Equation 5-16: UC - 16MND5 B CHAZ 

16MND5 
Bainitic 
FHAZ 

εb	= 0.975 * e -	( HD
0.505) + 0.01 εb = 1.000 * e	-	(

HD
0.475) + 0.08 

Equation 5-17: LC - 16MND5 B FHAZ Equation 5-18: UC - 16MND5 B FHAZ 

T24 CHAZ 
[341] 

εb	= 1.080 * e –  HD
0.635  εb = 1.170 * e -  HD

0.690 - 0.03 

Equation 5-19: LC - T24 CHAZ Equation 5-20: UC - T24 CHAZ 

T24 FHAZ εb	= 1.050 * e -  HD
1.190  εb = 1.010 * e ‐

 HD
1.920 + 0.08 

Equation 5-21: LC - T24 FHAZ Equation 5-22: UC - T24 FHAZ 
 
Table 5-11 shows the calculated envelope curves for the T24 WM. This microstructure was 
separated due to the unique composition (encompassing possible short-term annealing 
effects due to the 3-layer welding technique or inhomogeneous carbides and precipitates). 
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Table 5-11: LC and UC of T24 WM in accordance to [320], published in [341] 

T24 WM εb	= 1.18 * e ‐
HD

0.578 + 0.11 εb = 1.31 * e ‐
HD

1.563 + 0.16 

Equation 5-23: LC - T24 WM Equation 5-24: UC - T24 WM 

 
Application of envelope curves 
For application example, Figure 5-68 shows the obtained lower envelope curves (LC) for 
16MND5 and the corresponding bainitic and martensitic CHAZ. 
 

 
Figure 5-68: Lower envelope curves for 16MND5 BM, bainitic and martensitic CHAZ 
 
By use of the calculated envelope curves, the investigated microstructures can be directly 
compared. The increased susceptibility of HAZ compared to BM was obvious and 
expressed by the significantly decreased true strain at similar HD levels. In addition,  
Figure 5-68 emphasized that (by using the LC) a persistent description of the hydrogen 
effect on degradation of mechanical properties (i.e. the ductility) was enabled. In 
accordance to the HAC influencing factors (shown in Figure 2-13), these envelope curves 
represent a microstructure dependent assessment of the hydrogen effect considering a 
certain load (in terms of local stresses and strains). 
 
The present lower envelope curves can be adapted and optimized for improved assessing 
of possible material degradation and HAC. Subsequently, they could be applied in the 
models mentioned in [337,363,364]. In this manner, the presented thesis showed for the 
first time the microstructure-specific envelope curves for LA Mn-Mo-Ni and Cr-Mo-V steel 
grades. The envelope curves can be useful in the estimation of critical HD ranges resulting 
in an increased susceptibility to HAC in the case of welds or welded components. 
Nevertheless, the determination of the local stress (or strain) is maybe necessary. 
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5.1.5 Effect of Circumferential Notch on Hydrogen-assisted Degradation 

5.1.5.1 Effect vs. Failure Criterion 

The application of notches for tensile specimens is controversially discussed, in particular 
for hydrogen charged specimens. It is common that a notch results in increased stress 
distribution in front of the notch with increasing stress concentration factor “Kt”. For 
hydrogen charged specimens, increasing degradation effects were obtained with increasing 
hydrogen concentrations [345]. Depending on material conditions in terms of strength, 
attempts were made defining a failure criterion to evaluate the notch tensile strength 
compared to the occurring HD level. A linear decrease of the maximum tensile stress was 
suggested with increasing HD level [346] or evaluation by power law relation [202]. 
Nevertheless, the guiding rule was that hydrogen accumulates in highly stressed regions. 
Especially during experiments with hydrogen charged tensile specimens, increased stress-
concentration can cover a degradation effect of hydrogen [196,337]. 
 
From the quoted references, it can be derived that a dependency of a failure criterion vs. 
material strength can be regarded (linear vs. power law). Hence, in the presented thesis 
selected microstructures were investigated with additional notched specimens. To this, 
tensile specimens with a defined notch were machined from 16MND5 BM and semi-finished 
martensitic CHAZ samples. The martensitic CHAZ was chosen because it was shown in the 
presented results that it had to be regarded as the most susceptible microstructure (highest 
hardness and coarse grains). Both combined effects were intended to increase degradation 
in presence of hydrogen under a certain load condition. 
 
 
5.1.5.2 Adapted Tensile Specimen Geometry 

The conventional tensile specimen geometry was shown in Figure 4-20 (on page 99). It was 
adapted by a circumferential notch in center position of the specimen. The applied notch 
geometry is shown in Figure 5-69. The black dashed circle in the figure indicates the 
geometric dimensions of the machined notch. 
 

 
Figure 5-69: Geometry of notched specimen (dimensions in mm) 
 
To compare the results from the smooth and the notched specimens, different assumptions 
were necessary. They are listed in Table 5-12. 
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Table 5-12: Calculation of equivalent data for the smooth and notched specimen geometry 
Property Smooth Notched 

UTS 
Rm = 

Fmax

A0
 RmN =

Fmax

A0N
 

Equation 5-25: UTS of smooth 
specimens Equation 5-26: Notch root stress 

Reduction of 
area 

Z = 1 -
AF

A0
 * 100 % ZN = 1 -

AFN

A0N
 * 100 % 

Equation 5-27: Reduction of area - 
Smooth specimens 

Equation 5-28: Reduction of area - 
Notched specimens 

 
The index “N” describes the notched condition. Due to the fixed specimen diameter, the 
initial values for the surface area are: 
 
   A0 = 7.069 mm²   for smooth condition (3 mm specimen diameter) and 

A0N = 4.909 mm²  for notched condition (2.5 mm specimen diameter). 
 
The fracture strain was also measured for the notched specimens. As a result, only very 
small fracture strain appeared (as expected). The correlation of these values to the smooth 
specimens is very difficult and the benefit was questionable. Hence, only the UTS and the 
reduction of area are presented in this chapter for the smooth and the notched specimens. 
 
 
5.1.5.3 Notch Effect on 16MND5 BM and Martensitic CHAZ 

Tensile properties: ultimate tensile strength vs. notch root stress 
Figure 5-70 describes the obtained maximum stress of the notched compared to the 
smooth specimens of the 16MND5 BM specimens. Figure 5-71 shows the obtained data for 
the martensitic CHAZ. The notch stress values are indicated by open triangles. 
 

Figure 5-70: UTS and notch root stress of 
16MND5 BM 

 
Figure 5-71: UTS and notch root stress of 

16MND5 Martensitic CHAZ 
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From Figure 5-70 and Figure 5-71, one can derive that a notch results in a distinct increase 
of the calculated maximum tensile stresses in hydrogen free condition. In hydrogen charged 
condition the notch root stress of the 16MND5 BM (Figure 5-70) was only slightly influenced 
by hydrogen as already shown for the smooth BM specimens (Figure 5-4 on page 121). If 
experimental data was fitted (the degradation behavior) by a linear regression function, it 
can be seen that both conditions result in a similar regression line. The smooth specimens 
showed a decrease of - 5 MPa per 1 ml/100 g Fe and the notched specimens - 10 MPa per 
1 ml/100 g Fe. Additionally, the notch root stress was only elevated by a constant value of 
approximately 200 MPa compared to the smooth specimen without a notch. This is in 
accordance to experiments of Takaku and Kayano [345] for a similar Mn-Mo-Ni grade like 
the 16MND5. They concluded a minor effect of a charged HD on the notch root stress. 
Additionally, Zimmer [337] showed an equivalent tendency for HSLA (high-strength low-
alloyed) steels with comparable strength levels. 
 
In contrast, the martensitic CHAZ (Figure 5-71) showed remarkably decrease expressed by 
slope of the linear regression line. For the notched specimens, this slope was  
- 250 MPa per 1 ml/100 g Fe compared to - 168 MPa per 1 ml/100 g Fe of the smooth 
specimens. Only in case of the martensitic CHAZ an influence of the increased tri-axial 
stress can be ascertained due to the strong decrease of mechanical properties. This was 
also found for simulated FHAZ and CHAZ of constructional steel grades S690Q and 
S1100QL in accordance to [337]. 
 
Ductility properties: reduction of area 
Figure 5-72 shows the calculated reduction of area for the 16MND5 BM in both conditions 
(smooth vs. notched) and Figure 5-73 for the martensitic CHAZ. 
 

Figure 5-72: Reduction of area of 16MND5 BM 
- Smooth and notched condition 

 
Figure 5-73: Reduction of area of 16MND5 

Martensitic CHAZ  - Smooth and 
notched condition 

 
The application of a notch in tensile specimens resulted in distinct differences in the 
degradation of calculated reduction of area. The (quenched and tempered) 16MND5 BM 
represented the least susceptible microstructure for degradation and the martensitic CHAZ 
represented the most susceptible. The use of notch resulted in a similar degradation of the 
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BM and the martensitic CHAZ, if hydrogen was introduced to the material. For the BM 
(Figure 5-72) the reduction of area decreased immediately from 56 % (mean value) to a 
range from 10 % to 20 % at a charged HD between 0.5 ml/100 g Fe to 1.2 ml/100 g Fe. 
This was completely in contrast to the smooth specimens. In case of hydrogen charging 
and notch, both microstructures (BM and martensitic CHAZ) showed comparable 
degradation in the HD range of 1 ml/100 g Fe to 2 ml/100 g Fe. Figure 5-74 shows the 
obtained hydrogen effect on reduction of area for notched specimens of both 16MND5 
microstructures (BM and martensitic CHAZ). 
 

Figure 5-74: Reduction of area - Notched condition for 16MND5 BM and martensitic CHAZ 
 
If regarding the notched BM, the reduction of area decreased in hydrogen charged 
condition and had comparable values to the martensitic CHAZ. This was remarkable even 
in a HD range between 1 ml/100 g Fe to 2 ml/100 g Fe. Hence, the persistent quantification 
of hydrogen effect in case of smooth specimens was changed to a qualitative statement in 
case of the notched specimens. Hence, it is only possible to predict a yes/no criterion 
instead of a particular degradation in presence of hydrogen. The influence of a certain 
microstructure would stay in the background. Hence, the consideration of hydrogen-
assisted degradation of ductility (expressed by reduction of area) would result in a 
misunderstanding of susceptibility in notched condition. In addition, the degradation effect 
could be overestimated due to initially increased mechanical stresses in the notch-root. 
 
From this point of view, notched specimens were not suitable for the examination of 
hydrogen-influenced material properties for microstructures with distinct differences of the 
properties even in hydrogen-free condition. In the presented case of 16MND5, this was 
manifested in the change from the initial quenched and tempered bainitic microstructure to 
heat-treated as-quenched martensitic HAZ microstructure. This encompassed different 
features like hardness, grain size and a change of the carbide (or precipitates) structure. 
 
Investigation of fracture surfaces 
The subsequent figures compare the surface near region of smooth and notched BM 
specimens (both in  Figure 5-75) and the martensitic CHAZ specimens (Figure 5-76). In 
addition, the surface near region (i.e. the notch-root region) represented the most 
significantly influenced region with highest applied mechanical stresses. 
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Smooth BM specimens 
 

Notched BM specimens 
 

 

 

  

Figure 5-75: Fracture topography of 16MND5 BM - Surface near region of smooth (a-c) and notched 
(d-f) tensile specimens  

  

CF 

QCF 

DD 

Inclusion 

QCF 

Inclusion 

QCF 

QCF 

DD  

DS 

e) 

f) 

a) 

b) 

c) 

d) 

HD: 2.5 - 3.0 ml/100 g Fe 

HD: 0.8 - 1.0 ml/100 g Fe 

Uncharged 

20 µm 5 µm 

20 µm 20 µm 

100 µm 50 µm 



5.1 Mechanical Properties 

165 

Smooth martensitic CHAZ specimens 
 

Notched martensitic CHAZ specimens 
 

 

 

 
Figure 5-76: Fracture topography of 16MND5 Martensitic CHAZ - Surface near region of 

smooth (a-c) and notched (d-f) tensile specimens  
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Table 5-13 summarizes the obtained data for selected notched specimens (emphasized by 
bold characters) compared to smooth specimens. 
 
Table 5-13: Predominantly fracture mode of un-notched and notched geometry 

Microstructure / Position in 
specimen 

HD level in ml/100 g Fe 
Uncharged Low (≤ 1) Middle (2-3) 

16MND5 
BM 

notched 

Center DS (+CF) DS / QCF QCF 

Surface DS (+CF) DS / QCF QCF 
16MND5 

BM 
smooth 

Center DD DD DD / DS (+ QCF) 

Surface DD DS (+ QCF) DD / DS (+ QCF) 

Martensitic
CHAZ 

notched 

Center CF / DS CF / DS CF 

Surface CF / DS CF / DS IG 
Martensitic 

CHAZ  
smooth 

Center DD / DS DS / QC IG (+ SC) 

Surface DD / DS DS / QC  IG (+ SC) 

 
As shown in Table 5-13, the increased stress condition had already impact on the 
appearing fracture topography in hydrogen free condition (uncharged). For example, the 
ductile fracture (DD/DS) was changed to “brittle” nature due to the occurrence of cleavage 
fracture (CF) in the notched specimens. Hence, “brittle” fracture like QCF, QC or IG 
appeared at lower HDs in case of notched specimens compared to the smooth geometry. 
 
Even in uncharged condition, both notched BM ( Figure 5-75-a) and martensitic CHAZ 
(Figure 5-76a) specimen types showed a change of fracture mode compared to smooth 
specimens. The occurring cleavage fracture for both microstructures suggests that the 
ductility was reduced already in hydrogen free condition due to the increased tri-axial 
mechanical load. In other words, the notched geometry resulted in an increased 
susceptibility to degradation due to the regarded presence of “CF”-fracture even without 
hydrogen effect. 
 
In low hydrogen charged condition (HD of approximately 1 ml/100 g Fe), the BM in notched 
condition showed distinct differences of fracture topography compared to the smooth 
specimens. The notched condition resulted in a mixture of DS and QCF ( Figure 5-75-e) 
compared to localized small QCF in smooth BM specimens (as shown in  Figure 5-75-b). 
The notched martensitic CHAZ specimens showed at this low HD (Figure 5-76-e) a similar 
fracture mode compared to the uncharged condition (indicated with CF and DS,  
Figure 5-76-d). Hence, hydrogen had minor effect on degradation effect. The obtained 
change of fracture topography (in this case) was mostly attributed to increased mechanical 
stresses in the notch-root. 
 
In medium hydrogen charged condition (HD of approximately 2 ml/100 g Fe to  
3 ml/100 g Fe), notched specimens only show small variation of fracture topography (see 
part c and f of both above figures). Nevertheless, remarkable IG cracking in the martensitic 
CHAZ (Figure 5-76- f) indicated that the area close to the notch-root is maybe charged with 
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higher HD compared to bulk material of the smooth specimen. One reason could be the 
well-known accumulation of hydrogen in highly stressed regions [202]. Nevertheless, a 
notch reduces the maximum diffusion distance (radius of 1.50 mm in case of smooth 
specimens compared to 1.25 mm in notch-root area). Hence, equal hydrogen charging 
parameters (current density and time) can result in faster hydrogen charging of the notch-
root region due to reduced specimen diameter. This may result in a supersaturation effect 
with hydrogen of the notch-root near area. This should be considered if possible before 
examining notched tensile specimens (if possible). 
 
A circumferential notch showed contrary influence on degradation of mechanical properties 
in hydrogen charged condition. The tensile properties were either shifted by a constant 
value to higher calculated tensile stresses (in case of the BM) or the notch decreased the 
tensile properties in unspecified manner (like in case of martensitic CHAZ). The 
combination of increased stresses and hydrogen charging complicated the discrimination of 
hydrogen and microstructure influence on certain degradation of weld microstructures. 
Hence, increased mechanical stresses are assumed to cover the hydrogen effect on 
degradation if deep notches are used. This may result in misinterpretation of the obtained 
experimental results [337,345]. Hence, smooth round tensile specimens are suggested to 
be a suitable geometry for further experiments with tensile specimens. 
 
 
5.1.6 Summary of Hydrogen Effect on Degradation of Welded 

Microstructures 

This chapter gives a brief summary concerning the obtained results of mechanical 
properties without hydrogen and obtained degradation in presence of hydrogen. 
 
(I) Hydrogen free condition 
 The simulation of single-cycle HAZ microstructures resulted in increasing hardness 

compared to the BM grades. As a result, the highest hardness corresponded to the 
highest tensile and yield strength accompanied by a small loss in the ductility. The 
thermal simulation of the HAZ microstructure resulted in a change to a non-
pronounced yield strength. 

 The main fracture topography was characterized by ductile mode for all 
microstructures with dimpled fracture topography. This was independent of the 
chemical composition or the heat treatment condition. This means in hydrogen free 
condition, the BM grades, the HAZ microstructures (in as-quenched condition) and the 
as-welded WM showed sufficient mechanical properties at room temperature. 

 
(II) Hydrogen charged condition 
 The ductility showed significant degradation compared to UTS and YS. In case of very 

high tensile strength (hydrogen-free condition above 800 MPa), an additional 
degradation of UTS was observed in the 16MND5 martensitic HAZ and T24 HAZ. 

 16MND5 and 20MND5 base materials had better resistance at low and medium HD 
from 2 ml/100 g Fe to 3 ml/100 g Fe) compared to the creep-resistant steels T24 and 
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T22 expressed by increased the reduction of area. This was also indicated by the 
fracture topography. Localized QCF around inclusions was determined for all 
examined BM grades. For both creep-resistant grades T24 and T22, distinct QC 
fracture occurred in hydrogen charged condition. 

 The HAZ microstructures showed increased susceptibility to degradation compared to 
the BM. Higher hardness (martensite formation in 16MND5 HAZ and T24 HAZ) results 
in increased degradation of mechanical properties. Bainite formation due to slow 
cooling condition (16MND5 bainitic HAZ) results in a slightly improvement of 
mechanical properties in presence of hydrogen. Nevertheless, additional tempering 
(PWHT) is assumed to have beneficial effect on decreasing the susceptibility. The 
appearing fracture topographies were directly related with the indentified degradation. 
This was characterized by QC, CF and IG cracking in the HAZ microstructures.  

 In case of 16MND5 and T24, the (martensitic) CHAZ was identified as the most 
susceptible microstructure. In other words, coarse grains and an untempered 
microstructure (hard martensite) are driving forces for hydrogen-assisted cracking or 
certain degradation compared to refined microstructures. 

 
(III)  Degradation evaluation 
 The determined degradation effect was successfully expressed by the envelope 

curves. These curves were derived for the first time and allowed the continuous 
description of the hydrogen effect on the degradation of the mechanical properties. 

 The HAC influencing factors was separately assessed by the application of HD 
influenced failure criteria. In addition, the application of regression analysis (by 
exponential functions) enabled the definition of a failure criterion, which can be 
compared to calculated local strains via numerical simulation. 

 
(IV) General remarks 
 Distinct change of the fracture topography (even in uncharged smooth and notched 

specimens) means that the mechanical load condition has distinct influence. 
 The degradation was influenced in an uncertain manner by increased local 

mechanical load in the case of a notch (tri-axial stresses). Hence, practicability of 
notched specimens should be discussed critically. 

 Determination of a particular HD by CGHE represented a global value related to 
certain degradation process. For this reason, it cannot be related directly to a specified 
HD at the tip of a hydrogen-assisted crack. 

 The degradation effect at a specific HD can be influenced by varying testing 
parameters like the applied strain rate. Rehrl et al. [177] reported remarkable effect of 
strain rate on degradation in case of slow strain-rates. They concluded that hydrogen 
diffusion has distinct influence on cracking susceptibility. This strain-rate dependency 
supports the HELP) mechanism suggested by Birnbaum and Sofronis [160]. 
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5.2 Hydrogen Diffusion at Room Temperature (Permeation 
Experiments) 

The hydrogen diffusion was examined by electrochemical permeation experiments in 
accordance to [254]. The corresponding hydrogen diffusion coefficients were calculated by 
the time-lag method [254-256] and the inflection point method [260]. The subsequent 
present diffusion coefficients represented apparent hydrogen diffusion coefficients which 
include both lattice diffusion and (reversible) trapping effects. The subsequently described 
results have been achieved by permeation experiments, which were conducted uniformly 
with an applied charging current density of 1.25 mA/cm². Charging electrolyte was  
0.1M H2SO4 solution with addition of NaAsO2 as recombination poison. 
 
 
5.2.1 Hydrogen Diffusion in 16MND5 BM and 20MND5 BM 

Figure 5-77 shows the obtained permeation current density curves of both RPV grades 
16MND5 (indicated by black marks) and 20MND5 (orange marks). For further evaluation, 
Figure 5-78 shows the obtained normalized permeation current density. 
 

Figure 5-77: Permeation current density of 
16MND5 BM vs. 20MND5 BM 

 
Figure 5-78: Normalized current density of 

16MND5 BM vs. 20MND5 BM 
 
For a given charging current density, the 16MND5 showed a higher steady-state hydrogen 
permeation current density “imax” (i.e. diffusing and effusing hydrogen flux in Figure 5-77). 
Assuming constant hydrogen adsorption and absorption boundary conditions, 20MND5 
showed increased hydrogen trapping capability. Nevertheless, this was not regarded in 
case of the normalized permeation curves shown in Figure 5-78 (due to the similar time-
dependency of the normalized curves). Hence, hydrogen diffusion coefficients should be 
nearly identical, which were calculated from a defined hydrogen flux time (like the time-lag 
method). 
 
Table 5-14 shows the steady-state maximum permeation current density ”imax” and the 
calculated hydrogen diffusion coefficients “Dlag” and “DIP” with their corresponding deviation. 
Additionally, the lag-time “tlag” and the slope “ai” at inflection point are given.  
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Table 5-14: Hydrogen diffusion data and diffusion coefficients of 16MND5 BM and 20MND5 BM at 
room temperature 

Micro-
structure 

imax in 10-7 
A/mm² 

tlag in 
s 

ai in 10-9 
A/(mm² * s) 

D in 10-4 mm2/s 
Dlag DIP 

16MND5 3.85 ± 0.54 328 1.91 1.27 ± 0.04 2.13 ± 0.34 

20MND5 2.75 ± 0.29 306 1.06 1.36 ± 0.02 1.65 ± 0.11 

 
Both RPV grades showed similar hydrogen diffusion coefficients in the range from  
1*10-4 mm²/s to 2*10-4 mm²/s. This was attributed to the similar chemical composition and 
microstructure of both BM grades (see Table 4-3, page 84). Additionally, the 20MND5 
reaches lower maximum permeation current density which can be a result of slightly 
increased Cr and V content compared to 16MND5. Both elements (as substitution atoms in 
the lattice) decrease apparent hydrogen diffusion coefficients [222,347]. Nevertheless, the 
determined diffusion coefficients for both BM grades are in agreement of those reported by 
Leblond et al. [244] with similar charging conditions (H2SO4 at 1.5 mA/cm²) and  
Uhlemann et al. [245] ranging from 1 mm²/s to 2*10-4 mm²/s. 
 
Influence of calculation method 
The observed time-lag diffusion coefficients “Dlag” are nearly identical for both examined 
RPV grades. This was due to used calculation algorithm (Equation 2-18) taking into account 
the necessary time to reach 63 % of steady-state current density. The inflection point 
method of Dresler and Frohberg [260] leads to similar results for both grades. Nevertheless, 
the inflection point method leads to a relative increase of calculated diffusion coefficients 
“DIP”. The reason was the interpretation of slope “ai” of the permeation transient. In contrast, 
the time-lag method considers possible electrolytic reactions at charging side of the 
permeation double-cell expressed by time-lag time “tlag”. This time was counted immediately 
after beginning of charging. In case of very long charging time, the diffusion coefficient 
“Dlag” was more influenced in majority by hydrogen uptake reaction compared to evolving 
time for the raising transient. Hence, the deviation between “Dlag” and “DIP” will increase. 
This was independent from the chemical composition (as shown later for T24 and T22). In 
addition, this can be seen for martensitic stainless steels in the doctoral thesis of Seeger 
[257] as well as for cold-worked and press-hardened steel 22MnB5 [348]. 
 
 
5.2.2 Hydrogen Diffusion in 16MND5 HAZ Microstructures 

5.2.2.1 Diffusion in Simulated HAZ Microstructures 

16MND5 Bainitic HAZ microstructures 
In accordance to the BM, hydrogen diffusion was also investigated in the simulated 
16MND5 HAZ microstructures. Figure 5-98 illustrates the obtained permeation current 
density of the bainitic CHAZ and Figure 5-99 on the right shows corresponding normalized 
permeation current density. Figure 5-81 illustrates the bainitic FHAZ (indicated by green 
colored marks) and Figure 5-82 shows the corresponding normalized permeation current 
density. For comparison, the corresponding 16MND5 BM data is indicated by black colored 
marks in the same diagrams. 
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Figure 5-79: Permeation current density of 
16MND5 Bainitic CHAZ vs. BM 

 
Figure 5-80: Normalized current density of 

16MND5 Bainitic CHAZ vs. BM 

Figure 5-81: Permeation current density of 
16MND5 Bainitic FHAZ vs. BM 

 
Figure 5-82: Normalized current density of 

16MND5 Bainitic FHAZ vs. BM 
 
It can be seen that the bainitic (as-quenched) CHAZ and FHAZ showed different diffusion 
compared to the BM. This is indicated by remarkably increased time to reach the steady-
state condition (typically 1,750 s of the CHAZ or 3,250 s of the FHAZ compared to 500 s of 
the BM to reach 90 %). In addition, the maximum permeation current density was slightly 
increased by 25 % for the CHAZ above 5*10-7 A/mm². In case of the FHAZ the current 
density was slightly increased (if regarding the mean values). If comparing CHAZ and FHAZ 
the differences of the diffusion kinetics were negligible compared to the BM. Nevertheless, 
the diffusion in CHAZ was slightly higher expressed by the decreasing elapsed time to 
reach the steady-state condition. This was independent from the microstructure. 
 
16MND5 Martensitic HAZ microstructures 
The martensitic CHAZ and FHAZ showed a comparable tendency. The next figures show 
the obtained data of permeation current density and corresponding normalized values. The 
HAZ microstructures are plotted in the figures by green marks and the BM is indicated by 
black marks. Figure 5-83 (hydrogen flux) and Figure 5-84 (normalized flux) show the 
martensitic CHAZ. The FHAZ is shown in corresponding Figure 5-85 (permeation current 
density / hydrogen flux) and Figure 5-86 (normalized current density / hydrogen flux). 
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Figure 5-83: Permeation current density of 
16MND5 Martensitic CHAZ vs. BM 

 
Figure 5-84: Normalized current density of 

16MND5 Martensitic CHAZ vs. BM 

Figure 5-85: Permeation current density of 
16MND5 Martensitic FHAZ vs. BM 

 
Figure 5-86: Normalized current density of 

16MND5 Martensitic FHAZ vs. BM 
 
As mentioned for the bainitic HAZ microstructures, the 16MND5 martensitic HAZ 
microstructures showed decreased diffusion compared to the BM expressed by increasing 
time to reach steady-state permeation current density. Additionally, both microstructures 
(CHAZ and FHAZ) showed slightly increased steady-state maximum permeation current 
densities compared to the BM, i.e. hydrogen flux (typically above 2,000 s for martensitic 
CHAZ and above 3,000 s to reach a normalized permeation current density of 90 % 
compared to 500 s of the BM). Hence, a possible hydrogen trapping was mostly indicated 
by a possible delayed evolving permeation transient. The martensitic FHAZ showed 
comparable maximum permeation current densities in the range of BM (Figure 5-85). In 
contrast, the martensitic CHAZ showed an increased mean value of 25 % compared to BM 
(Figure 5-83). Both martensitic HAZs behave like their bainitic counterparts. Hence, a 
possible influence of bainitic or martensitic microstructure seems to be questionable. 
Nevertheless, a difference between FHAZ and CHAZ can be seen due to faster diffusion in 
the CHAZ microstructures. Hence, the different grain size was assumed to be more efficient 
in delaying the diffusing hydrogen flux compared to influence of bainite or martensite itself 
in case of the 16MND5 HAZ microstructures. 
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Mean values and calculated hydrogen diffusion coefficients 
Table 5-15 shows the calculated apparent hydrogen diffusion coefficients according to time-
lag method and inflection point method. The 16MND5 BM data is given for comparison in 
the last line (written in italics). The HAZ data is assorted by FHAZ and CHAZ due to the 
identified smaller influence of bainitic or martensitic phase on hydrogen diffusion 
coefficients. 
 
Table 5-15: Diffusion data and calculated diffusion coefficients of 16MND5 HAZ microstructures at 

room temperature 

Micro-
structure 

imax in 10-7 
A/mm² 

tlag in 
s 

ai in 10-9 
A/(mm² * s) 

D in 10-5 mm2/s 
Dlag

 DIP 
Bainitic 
CHAZ 5.34 ± 0.30 1,102 0.62    3.8 ± 0.4   4.9 ± 0.8 

Martensitic 
CHAZ 4.84 ± 0.20 1,031 0.56    4.0 ± 0.3   4.8 ± 0.6 

Bainitic 
FHAZ 4.68 ± 0.54 2,125 0.32    2.0 ± 0.1   2.9 ± 0.5 

Martensitic 
FHAZ 4.29 ± 0.36  2,072 0.34    2.0 ± 0.2   3.3 ± 0.3 

16MND5 
BM 3.85 ± 0.54   328 2.04 12.7 ± 0.4 21.3 ± 3.4 

 
The data in Table 5-15 demonstrate a few findings. In general, the HAZ microstructures 
showed decreased hydrogen diffusion coefficients compared to the BM. For example, “Dlag” 
of FHAZ was approximately six times smaller (CHAZ: three times) compared to the BM. 
This was independent of coarse or refined microstructure (i.e., the grain size) or bainitic/ 
martensitic microstructure. The main reason was the changing microstructure in terms of 
partly or full carbide dissolution with different re-precipitation during cooling (in accordance 
to [246,249]). Nevertheless, the FHAZ showed the lowest hydrogen diffusion coefficients. 
 
Pressouyre et al. [246] reported on HAZ hydrogen diffusion coefficients of a Mn-Mo-Ni RPV 
grade. They obtained martensitic HAZ specimens via specified heat treatment (1,200°C and 
water-quenching) and used time-lag method for calculation of apparent hydrogen diffusion 
coefficients. Experiments were conducted with minimum temperature of 50°C. If 
extrapolating data to 25°C, the described HAZ showed apparent hydrogen diffusion 
coefficients of approximately 2*10-5 mm²/s compared to 6*10-5 mm²/s for the BM. These 
data were in close agreement to the examined 16MND5 HAZ microstructures (shown in 
Table 5-15).  
 
Han et al. [249] reported decreasing hydrogen diffusion coefficients LA X80 pipeline steel. 
They examined permeation specimens with ferrite/bainite FHAZ and CHAZ microstructure 
extracted from SAW weld joint with different weld-heat inputs. They concluded that 
sufficient slow cooling (i.e. extended time) is necessary for carbon diffusion in a material. In 
the case of sufficient diffusion time, the carbon forms lamellar structures of sub-cementite in 
bainite/ferrite containing HAZ. Hence, hydrogen diffusion in the HAZ was decreased due to 
higher trapping efficiency of these elongated lamellar structures compared to the BM. 
Additionally, the authors of [246,248,249,253] indicated possible reversible hydrogen 
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trapping by increased number and distribution of carbides in the HAZ as major influencing 
factor for decreased diffusion in the HAZ compared to the BM. 
 
Yazipour et al. [349] investigated the role of (prior austenite) grain size vs. apparent 
hydrogen diffusion in a numerical study of X70 pipeline steel. They concluded that grain 
size effect has distinct influence. The diffusion coefficients increased with increasing grain 
diameter to a maximum of 50 µm. However, apparent diffusion coefficients decreased again 
in the range of 50 µm to 100 µm. From these results it can be concluded that grain 
boundary surface area per volume unit has ambivalent character. This could be a 
supporting explanation of the obtained lowest calculated diffusion coefficients in case of 
16MND5 FHAZ. If other microstructure features were neglected, the FHAZ showed an 
increased grain boundary area per volume unit, i.e. increased trap density and decrease of 
apparent hydrogen diffusion (if grain boundaries considered as reversible traps). 
 
The calculated apparent hydrogen diffusion coefficients were dependent on several 
experimental boundary conditions, for example specimen thickness [233,234,264] or 
applied charging procedure [235,236,265]. As mentioned for BMs, a distinct influence of 
calculation method (for example, time-lag vs. inflection point method) has to be considered 
in terms of differential hydrogen diffusion coefficients. In general, diffusion coefficients 
calculated with inflection-point method (“DIP”) were generally higher (approximately 25 % to 
50 %) compared to time-lag diffusion coefficients “Dlag” .This means the differences of both 
methods are presumed to be independent from the microstructure. Hence, microstructure 
features like grain size can be overestimated or sometimes difficult to separate from 
experimental conditions. Additionally, this is one explanation of wide scatter of diffusion 
coefficients reported expressed by scatterbands in accordance to Böllinghaus et al. [228]. 
 
Summarized (and taking into account the mechanical properties), the HAZ of 16MND5 can 
be regarded as a susceptible microstructure. A theoretically “crack-critical” HD could remain 
(at examined room temperature) for remarkably extended time in the HAZ compared to the 
BM. This is mostly influenced by the decreased diffusion coefficients. 
 
 
5.2.2.2 Comparison of Simulated HAZ and Real Weld Joint HAZ 

The simulated HAZ microstructures were compared to real weld joint HAZ microstructures. 
Thus, an electro-slag welded Ni-based Inconel® cladding deposited on 16MND5 substrate 
(without further heat treatment) was investigated. The cladding and substrate were provided 
by a partner of a collaborative research project. In accordance to the simulated HAZ 
specimens, permeation samples were extracted from the strip-clad bloc via EDM.  
Figure 5-87-a shows the orientation of specimens in the clad bloc indicated by white solid 
lines. 
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Figure 5-87: Location of permeation specimens in electro-slag welded bloc 
 
Figure 5-87-b and Figure 5-87-c show the magnified microstructures of the real weld HAZ.  
A relatively thick HAZ of approximately 4 mm appeared due to high heat-input of the strip-
clad process accompanied by a slow cooling rate (comparable to SAW). Hence, it was 
possible to extract and machine homogenous samples for permeation experiments having 
a homogenous bainitic FHAZ and CHAZ microstructure. 
 
In addition to the microstructure influence, the charging parameter had a remarkable effect 
on the occurring permeation transient. For this purpose, a charging current density range 
from 0.30 mA/cm² to 6.00 mA/cm² was examined using the HAZ microstructures of the real 
weld joint. The obtained data are indicated in Figure 5-88 (only inflection-point diffusion 
coefficient “DIP” was considered). Figure 5-89 shows the corresponding permeation current 
density. The data of the simulated bainitic CHAZ and FHAZ were indicated by red colored 
open marks in the corresponding figures.  
 

 
Figure 5-88: Diffusion coefficient (DIP) of 

simulated and real HAZ 

 
Figure 5-89: Permeation current density of 

simulated and real HAZ 
 
The values of the simulated microstructures were in close agreement with those of the real 
bainitic FHAZ and CHAZ. This can be identified due the similar diffusion coefficients  
(Figure 5-88) and the permeation current density (Figure 5-89). This means the conducted 
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experiments represented very well the real weld microstructures. Hence, the procedure of 
the HAZ permeation specimen simulation could successfully applied for the characterization 
of the hydrogen diffusion.  
 
Influence of charging current density 
As shown in Figure 5-88, the calculated diffusion coefficients “DIP” of the real HAZ 
microstructures increased with increasing charging current density for both FHAZ and 
CHAZ. It is noteworthy that increasing charging current density resulted in similar 
permeation current densities (i.e. hydrogen flux) which were comparable for both 
microstructures (Figure 5-89). The obtained permeation current density increased up to an 
applied charging current density range of 3 mA/cm2. A further increase of the charging 
current density resulted in a certain constant permeation current density. For example, 
Uhlemann et al. [245] showed for different RPV grades that low charging current densities 
decreased the hydrogen permeation flux. They assumed that at first the hydrogen traps like 
lattice defects (reversible traps) are saturated and decrease the apparent diffusion 
coefficient. Hence, with increasing charging current density more traps are filled and the 
apparent diffusion coefficient increases due to the decreasing number of traps. This is in 
accordance with the obtained data of the real weld joint microstructures. 
 
Summarized, only a small effect of the grain size in terms of real coarse or refined weld 
microstructure was observed. This is in accordance with the obtained data of the thermally 
simulated HAZ. Additionally, this was independent of the applied charging current density 
(within the examined range). Nevertheless, the calculated hydrogen diffusion coefficients 
were dependent on the applied charging parameters. 
 
 
5.2.3 Hydrogen Diffusion in T24 BM and T22 BM 

The presented T24 BM data have been taken from a student research project [338] which 
was supervised by the author. Subsequently, these data were compared to the T22 BM. 
Figure 5-90 compares the permeation current density curves of both grades and  
Figure 5-91 shows the corresponding normalized values. 
 

 
Figure 5-90: Permeation current density of T24 

BM [338] vs. T22 BM 

 
Figure 5-91: Normalized current density of 

T24 BM vs. T22 BM 
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The T24 (black colored marks) showed remarkably decreased diffusion compared to the 
T22 grade (orange colored marks). This was expressed by decreased maximum 
permeation current density “imax” (Figure 5-90). It is obvious that the necessary time to 
reach the steady-state condition was the longest in case of the T24 BM. It is noteworthy that 
the break-through time (time to first hydrogen detection) increased in this case, too. This 
indicates increased hydrogen trapping in the microstructure. At first, these traps were filled 
and permeating hydrogen flux was delayed. The calculated diffusion coefficients were quite 
different as shown in Table 5-16. 
 
Table 5-16: Diffusion data and diffusion coefficients of T24 BM [338] and T22 BM at room temperature 

Micro-
structure 

imax in 10-7 
A/mm² 

tlag in 
s 

ai in 10-9 
A/(mm² * s) 

D in 10-5 mm2/s 
Dlag

 DIP 

T24 [338] 3.18 1,126 0.28   3.70 ± 0.20   6.70 ± 0.20 

T22 4.28    393 1.07 10.60 ± 0.60 13.50 ± 0.10 

 
The determined diffusion coefficients of the T24 BM were in good with those obtained by 
Brass et al. [243] for a 3Cr-1Mo-V grade (2.0*10-5 mm²/s) and for a conventional  
2.25Cr-1Mo grade (3.0*10-4mm²/s). In contrast, Coudreuse and Bouquet [58] reported a 
range from 2.3*10-5 mm²/s to 6.6*10-5 mm²/s for 2.25Cr-1Mo steel grade (which fits well to 
the shown T22 data) and 5.8*10-8 mm²*s-1 for a V-modified steel grade with approximately 
0.3 % V (which significantly lower compared to the T24). It can be seen that a more or less 
wide range of hydrogen diffusion coefficients can be found in literature. This indicates the 
influence of calculation methods for hydrogen diffusion coefficients and the chemical 
composition of the material itself. However, alloying of V remarkably decreased the 
calculated hydrogen diffusion coefficients like for the T24. In accordance to [237,238], this 
was attributed to the trapping nature of fine-dispersed V-containing carbides in the 
microstructure. Additionally, Ti-carbides have to be considered as hydrogen traps in case of 
T24 [239,240]. Nagao et al. [242] mentioned that precipitates/carbides with the chemical 
composition (Ti, Mo)C can trap certain amounts of hydrogen. Hence, alloying of  
V or Ti is assumed to have beneficial effects in terms of trapping (“critical”) hydrogen 
amounts, which could alternatively result in HAC or certain degradation. This was 
consistent with the obtained mechanical properties of both BM grades (HD range for 
remarkable degradation: T24 approximately 4.1 ml/100 g Fe and T22 approximately  
2.1 ml/100 g Fe). 
 
The chemical composition of the T24 BM and T22 BM had great impact on hydrogen 
diffusion (if they are compared to the RPV grades 16MND5 and 20MND5). Both RPV 
grades showed slightly increased hydrogen diffusion coefficients compared to the creep-
resistant grades. This could be attributed due to the missing alloying of 2.25 % Cr 
compared to the Mn-Mo-Ni concept of the RPV grades [222,229,247]. This alloy element is 
the major difference if comparing both LA concepts Cr-Mo-V and Mn-Mo-Ni. 
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5.2.4 Hydrogen Diffusion in T24 HAZ Microstructures and WM 

In agreement to the examined 16MND5, both T24 HAZ microstructures showed a changed 
diffusion compared to the BM. The next figures show the data of the permeation 
experiments of the T24 HAZ microstructures. Figure 5-92 shows the permeation current 
density obtained for the CHAZ and the corresponding normalized values in Figure 5-93. 
The FHAZ is shown in Figure 5-94 and Figure 5-95. For comparision, the T24 BM [338] 
data is additionally shown in the figures (indicated by black marks). 
 

 
Figure 5-92: Permeation current density of 

T24 CHAZ 

 
Figure 5-93: Normalized current density of 

T24 CHAZ 

 
Figure 5-94: Permeation current density of 

T24 FHAZ 

 
Figure 5-95: Normalized current density of 

T24 FHAZ 
 
Both T24 HAZ microstructures showed a remarkable decreased hydrogen diffusion 
expressed by the decreased maximum permeation current density (CHAZ). In addition, the 
elapsed time increases for both HAZ microstructures to reach the steady-state condition. 
For example, the time-lag time “tlag” was increased to approximately 3,000 s for both 
microstructures compared to T24 BM with 1,126 s. Hence, both HAZ microstructures 
showed remarkably increased hydrogen trapping capability due to delayed rise of the 
permeation transients. 
 
In contrast, the T24 WM showed comparable hydrogen diffusion compared to the BM. 
Figure 5-96 compares both obtained permeation current densities of WM and BM.  
Figure 5-97 shows the corresponding normalized values. The data of T24 WM were part of 



5.2 Diffusion at Room Temperature 

179 

a diploma thesis [320] under the supervision of the author. As mentioned, BM data was 
investigated in [338]. The necessary WM specimens were machined from 20 mm multi-
layer TIG welds (as mentioned in chapter 4.3.1). 
 

Figure 5-96:  Permeation current density of T24 
WM [320] 

 
Figure 5-97: Normalized current density of 

T24 WM [320] 
 
The WM (in the “as-welded” condition) showed comparable evolution of permeating 
hydrogen flux (i.e. permeation current density). Nevertheless, the WM showed remarkably 
increased steady-state (maximum) permeation current density, which is indicated by the 
green open marks in Figure 5-96. The increased data scatter of the WM microstructure is 
related is attributed to the heterogeneous WM microstructure. Nevertheless, the normalized 
values (Figure 5-97) showed comparable time-dependency of the hydrogen flux until 
steady-state condition was reached. Hence, the hydrogen diffusion coefficients of T24 WM 
and T24 BM should be comparable. They are above the diffusion coefficients in case of the 
HAZ. The obtained diffusion data and coefficients are presented in Table 5-17. 
 
Table 5-17: Diffusion data and diffusion coefficients of T24 HAZ microstructures and WM at room 

temperature 

Micro-
structure 

imax in 10-7 
A/mm² 

tlag in 
s 

ai in 10-9 
A/(mm² * s) 

D in 10-5 mm2/s 

Dlag
 DIP 

T24 CHAZ 1.57 2,837 0.061 1.48 ± 0.12 1.63 ± 0.09 

T24 FHAZ 2.88 2,998 0.103 1.39 ± 0.17 1.51 ± 0.09 

T24 WM [320] 4.20 1,397 0.416 2.99 ± 0.16 4.18 ± 0.23 

T24 BM [338] 3.18 1,126 0.280 3.70 ± 0.20 6.70 ± 0.20 

 
As shown in Table 5-17, the HAZ microstructures show higher “resistance” to hydrogen 
permeation, which indicates increased hydrogen trapping. This can be seen in by the  
2.5-times increased “tlag” of both HAZ microstructures (in average 2,900 s) compared to BM 
and WM (in average 1,260 s). For example, this can be related to an increased total 
number of traps. In case of HAZ, dissolving and re-precipitating particles (like carbides) are 
assumed as most effective hydrogen traps despite dislocations or grain boundaries. 
Nevertheless, the obtained HAZ hydrogen diffusion coefficients “DIP” of 1.63*10-5 mm²/s 
(CHAZ) and 1.51*10-5 mm²/s (FHAZ) were in quite good agreement to those reported by 
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Albert et al. [241]. They reported 2.3*10-5 mm²/s for (as-quenched) martensitic and bainitic 
microstructure. Parvathavarthini et al. [247] attributed this behavior to the annihilation of 
lattice imperfections and the reduction of solute Cr and Mo content in case of certain heat 
treatment (for 2.25Cr-1Mo steels). They concluded that increasing cooling rate (in K/s) after 
austenization (furnace cooling compared to water-quenching) results in decreasing diffusion 
coefficients and decreased hydrogen flux (i.e. permeation current density) in as-quenched 
condition without further tempering. This was consistent with obtained T24 HAZ (“as-
quenched”) microstructures compared to the tempered BM. 
 
As a result, the relatively high diffusion coefficient of the T24 WM could be attributed to a 
partly annealing of WM due to tempering effects, which result from the used multi-layer 
technique (see Figure 4-17 on page 97). If additional tempering for a Cr-Mo was applied, 
hydrogen diffusion coefficients and permeating hydrogen flux increased with increasing 
tempering temperature and holding time [247]. In addition, this explains the highest 
obtained permeation current density “imax” in case of the T24 WM. This behavior is 
explained by annihilation of lattice imperfections or reduction of solute Cr and Mo content 
(which represent hydrogen traps). Nevertheless, martensitic and bainitic microstructures 
show different dislocations densities, which are also hydrogen traps [340]. This effect can 
be supported if the martensitic T24 HAZ microstructures are compared to the bainitic T24 
BM, although dislocation densities of the T24 weld microstructures had not been studied in 
detail. 
 
Summarized, it can be ascertained that calculated hydrogen diffusion coefficients varied 
and were dependent on the weld microstructure. In general, the HAZ microstructures of 
both 16MND5 and T24 had decreased diffusion coefficients and permeating hydrogen flux. 
This was attributed to microstructure change in the HAZ and missing tempering as 
concluded by [247]. Hence, the HAZ represented the most susceptible microstructure in 
terms of delayed cracking due to the decreased diffusion. 
 
 
5.2.5 Combined Effect of Charging Parameters and Calculation Method on 

Diffusion Coefficient 

As mentioned in [235,236,243,265], the applied charging current density is a major 
boundary condition with certain impact on the conduction of permeation experiments. This 
chapter presents the influence of the applied charging current density and calculation 
methods on the diffusion coefficients. Thus, the four introduced BM grades have been 
studied on how different ranges of charging current densities influence the occurring 
hydrogen diffusion. 
 
(I) General effect of charging current density on hydrogen diffusion 
The next paragraph shows the effect of the charging current density on hydrogen diffusion. 
For example, the 16MND5 BM was investigated with an applied charging current density 
range between 0.30 mA/cm² and 6.00 mA/cm². Figure 5-98 presents selected permeation 
experiments with the obtained permeation current densities. Figure 5-99 shows the 
corresponding normalized values. The different data sets are indicated by different colors in 
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decreasing order of applied charging current density: 6.00 mA/cm² (black curves),  
1.25 mA/cm² (green curves that have been already shown in the previous chapter) and  
0.30 mA/cm² (light grey colored curves). 
 

 
Figure 5-98: 16MND5 BM - Absolute hydrogen flux 

vs. charging current density 

 
Figure 5-99: 16MND5 BM - Normalized flux vs. 

charging current density 
 
As shown in Figure 5-98, different maximum steady-state permeation current densities “imax” 
appeared as well as different times for the evolution of permeation current density / 
hydrogen flux with varied charging current densities. For example, increased charging 
current density of 6.00 mA/cm² results in an increase of approximately 70 % of 
corresponding permeation current density (imax = 6.50 *10-7 A/mm²) compared to  
1.25 mA/cm² (imax = 3.85*10-7 A/mm²). In contrast, decreased charging current density of 
0.30 mA/cm² resulted in decreased permeation current density of approximately 57 %  
(imax = 2.20*10-7 A/mm²) compared to 1.25 mA/cm² (imax = 3.85*10-7 A/mm²). 
 
In addition, the necessary elapsing time for build-up of the permeation current density 
increased approximately three times in case of 0.30 mA/cm² compared to 1.25 mA/cm². 
This can be seen by the light grey curves in Figure 5-99. In opposite, this necessary time 
decreased by factor three for the highest applied charging current density of 6.00 mA/cm² 
(black curves). As a result, the corresponding hydrogen diffusion coefficients were 
increased by approximately factor three due to the changing slope “ai” of the inflection point 
as well as the time-lag time “tlag”. Hence, it can be stated that decreased charging current 
density generally resulted in decreased hydrogen diffusion coefficients. The results are in 
accordance of those of other studies by for a wide area of different steel grades [236,265]. 
For example, this was reported for martensitic high-strength steel in a range of charging 
current densities with maximum of 200 mA/cm² by Frappart et al. [235]. 
 
The permeation kinetics was depended on the charging condition. For that reason, it was 
assumed that the hydrogen charged surface area of the specimen shows increasing 
coverage with hydrogen atoms in case of increased current densities [236]. This was 
experimentally confirmed by Dong et al. [265]. In addition, Brass et al. [243] explained 
different occurring diffusion coefficients by decreasing hydrogen activity at the charged 
specimen surface in case of low charging current densities. Hence, it is recommended to 
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perform previous examinations of charging parameter influence before assessing any 
further microstructure influence. For example, the derived averaged value of “Dlag” was 
approximately 4.3*10-5 mm²/s (applied charging current density of 0.30 mA/cm²). This was 
in the range of the diffusion coefficients of the 16MND5 HAZ microstructures (see  
Table 5-15). Hence, a microstructure influence is perhaps covered in case of insufficient 
charging parameters. 
 
(II) Effect of charging current density on maximum permeation current density “imax” 
A range of a more or less constant maximum hydrogen flux was observed with increasing 
charging current density. Figure 5-100 shows the obtained maximum hydrogen permeation 
current density compared to the charging current (data from Table 5-18). Figure 5-100-a 
shows the RPV grades 16MND5 and 20MND5 and Figure 5-100-b shows the creep-
resistant steel grades T24 and T22. 
 

 
Figure 5-100: Hydrogen flux vs. charging current density: (a) RPV grades 16MND5 and 20MND5, 

(b) Creep-resistant grades T24 and T22 
 
In Figure 5-100-a, the RPV grades showed an increasing steady-state permeation current 
density in the range of an applied charging current density from 0.30 mA/cm² to  
4.00 mA/cm². Above this value a constant flux (marked by the corresponding red line) can 
be regarded. In contrast, T24 and T22 showed an increased steady-state permeation 
current density ”imax” up to 1.25 mA/cm² applied as charging current density (indicated by 
red line in Figure 5-100-b). In addition, the T24 BM offered the highest resistance to the 
hydrogen permeating hydrogen flux indicated by the “0” value in terms of an applied 
charging current density of 0.30 mA/cm² and 0.60 mA/cm². In general, a decreased 
charging current density results in lower hydrogen activity at charged specimen surface 
[235,265]. As a result, the build-up of necessary sub-surface concentration gradient in front 
the specimen surface requires extended time. Hence, the absorbed amount of hydrogen is 
very low. This is in agreement with the observed remarkable decrease of the maximum 
steady-state permeation current density “imax” below 4.00 mA/cm² (in the case of both RPV 
grades) or below 1.25 mA/cm² (for the creep-resistant grades). 
 
The applied charging current density was set for all permeation experiments to  
1.25 mA/cm². This value offered the best practice compromise of influence of charging 

a) b) 
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parameters compared to the influence of microstructure or chemical composition. 
Otherwise, the RPV steels and creep-resistant steel grades cannot be compared directly. 
 
(III) Combined effect of calculation method and charging current density on calculated 
diffusion coefficients 
As mentioned, hydrogen diffusion kinetics changed with the used charging current density. 
As a result, a certain range of hydrogen diffusion coefficients was calculated. In addition to 
the charging parameter, the used calculation methods can deliver different values for the 
calculation of hydrogen diffusion coefficients. Table 5-18 shows the obtained maximum 
permeation current density “imax” and the corresponding diffusion coefficients “Dlag” and “DIP” 
of the examined RPV BM grades 16MND5 and 20MND5. Table 5-19 shows the 
corresponding values of the creep-resistant steels T24 and T22. 
 
Table 5-18: Combined effect of charging parameters and calculation method on hydrogen diffusion 

coefficient (16MND5 and 20MND5) 

Material Charging current 
density in mA/cm² 

imax in 

10-7 A/mm² 
Dlag in 

10-4
 mm²/s 

DIP in 
10-4mm²/s 

16MND5 
BM 

0.30 2.15 0.43 ± 0.02 0.45 ± 0.05 
1.25 3.85 1.27 ± 0.04 2.13 ± 0.34 
4.00 5.03 2.67 ± 0.10 4.00 ± 0.30 
6.00 6.55 4.10 ± 0.13 6.48 ± 0.30 

8.00 5.22 4.63 ± 0.02 7.42 ± 0.10 

20MND5 
BM 

0.30 2.00 0.15 ± 0.02 0.21 ± 0.03 

1.25 2.75 1.36 ± 0.20 1.65 ± 0.11 

4.00 4.44 3.50 ± 0.27 2.72 ± 0.35 

6.00 4.48 3.18 ± 0.30 3.07 ± 0.30 

 
Table 5-19: Combined effect of charging condition and calculation method on hydrogen diffusion 

coefficient (T24 BM and T22 BM) 

Material Charging current 
density in mA/cm² 

imax in 

10-7 A/mm² 
Dlag in 

10-4
 mm²/s 

DIP in 
10-4mm²/s 

T24 
BM 

0.30 N/D16 N/D N/D 
0.60 N/D N/D N/D 
1.25 3.18 0.37 ± 0.02 0.67 ± 0.02 
4.50 3.15 0.45 ± 0.11 0.76 ± 0.15 

9.00 2.88 0.43 ± 0.00 0.81 ± 0.16 

T22 
BM 

0.60 2.73 0.25 ± 0.01 0.47 ± 0.00 

1.25 4.28 1.06 ± 0.06 1.35 ± 0.01 
4.50 4.34 0.89 ± 0.10 1.05 ± 0.01 

 
Table 5-18 emphasizes that the inflection point method leads to increased hydrogen 
diffusion coefficients “DIP” compared to time-lag method with “Dlag” (except the 20MND5). 
This was confirmed by Seeger [257] and by the author for press-hardened 22MnB5 steel 
                                                           
16 N/D - No permeation current detected during experiment 
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[348]. In addition, T24 and T22 showed the same tendency of both: increased maximum 
permeation current density and increasing diffusion coefficients. Hence, the generally 
increase of “imax” and corresponding diffusion coefficients “Dlag” and “DIP” were 
independently of the investigated microstructure. 
 
The reason for different obtained diffusion coefficients are explained by the different 
consideration of permeation data by a certain calculation method. For example, the 
introduced time-lag method involves a necessary break-through time “tb” until first hydrogen 
detected [254,255]. This can decrease the calculated diffusion coefficient in case of long 
break-through time related to the entire “tlag”-time. As a result, the calculated hydrogen 
diffusion coefficients would be underestimated (i.e., values are too low). In contrast (and 
proposed by Dresler and Froberg [260]), the inflection point methods neglects the break-
through time by interpreting the slope “ai” at inflection-point of the permeation curve, which 
results in ascending tendency of increased diffusion coefficients. This effect was confirmed 
for all investigated BMs. 
 
Summarized, Figure 5-101 shows the calculated diffusion coefficients of the 16MND5 BM 
as representative example in accordance to the previously presented data. 
 

 
Figure 5-101: 16MND5 BM - Dependency of hydrogen diffusion on charging current density 
 
(IV) Influence of chemical composition on diffusion coefficients 
The chemical composition had influence on diffusion in terms maximum permeation current 
density “imax” and the necessary time until steady-state condition was reached. In general, 
the RPV grades showed higher diffusion coefficients and increased “imax” independent of 
the applied charging current density (Figure 5-100-a and b). Hence, the RPV grades had 
decreased resistance to hydrogen permeation, which was attributed to the changed trap 
characteristics compared to the creep-resistant steels. In case of creep-resistant grades, 
the alloying of Cr indicated a higher trapping capability in terms of reversible trapping 
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effects (solute Cr and Mo atoms and fine dispersed propitiates) [222,223]. Especially in 
case of the T24, additional alloying of V or Ti results in remarkably decreased maximum 
permeation current density compared to the Mn-Mo-Ni grades. In fact, this is related to the 
increasing trapping capability of solute atoms in the lattice as well as precipitates [239-242] 
 
Summarized, it can be ascertained that the charging current density influenced the 
hydrogen diffusion (i.e. the experimental data) independent of the calculation method of the 
diffusion coefficient itself. It is proposed that the (mostly unknown) influence of the applied 
charging current density can be minimized by previous studies of different experimental 
parameters. 
 
 
5.2.6 Enhanced Approach for Calculation of Apparent Diffusion Coefficient 

This chapter presents a method for determination of diffusion coefficients based on a 
modified time-lag method. For calculation, the necessary time “tlag” was modified by 
determination of the break-through time “tb” (time between the start of experiment until first 
hydrogen is detected). This method was derived by comparison of experimental data to 
analytical solutions for calculation of permeation transients. This comparision revealed a 
certain deviation between the analytical solution and the experimental data. This is 
especially expressed in terms of permeation flux evolution at beginning of permeation 
experiment. For example, some authors suggested that the time from beginning of 
experiments until first detection of hydrogen flux (time “tb”) was significantly influenced by 
the electrochemical charging process but minor in terms of the microstructure of the 
membrane material [260,350].  
 
 
5.2.6.1  Analytical Solution vs. Experimental Data 

The analytical solutions of the respective permeation transients were calculated by using 
the previously described diffusion coefficients “Dlag” in accordance to the time-lag method 
[254,255] and “DIP” the inflection point method [260]. Subsequently, the plots of these 
solutions were compared to the experimental data. According to [351,352], Equation 5-29 
and Equation 5-30 present the used analytical solutions. 

τ =
D * t
L2  Equation 5-29: Dimensionless time constant “τ” 

jt
jmax

 = 
2

√π*τ
 * exp (-

1
4 * τ

) Equation 5-30: Fit-function for permeation transient 

Where, the symbol “τ” represents a dimensionless constant. The hydrogen flux corresponds 
to the recorded permeation current density as shown in Equation 2-17 (see page 59). The 
next figures illustrate selected results obtained from the T24 BM experiments. The 
normalized permeation current density “jt/jmax”	 is exemplified for two different applied 
charging current densities: 1.25 mA/cm² in Figure 5-102 and 9.00 mA/cm² in Figure 5-103.  
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Figure 5-102: Calculated transients of T24 BM 
for 1.25 mA/cm² charging 
current density 

 
Figure 5-103: Calculated transients of T24 BM 

for 9.00 mA/cm² charging 
current density

 
In Figure 5-102 and Figure 5-103, the green open squares indicate the experimental data; 
the open black circles indicate the analytically calculated permeation transient by using the 
inflection-point method diffusion coefficient (“DIP”) and the open triangles represent the 
time-lag diffusion coefficient (“Dlag”). It is obvious that the calculated transients deviate from 
the experimental data. If comparing analytically calculated transients (open squares and 
dots) to each other, the shape of the permeation transient derived using “DIP” was in close 
agreement to the experimental curve. In this case, the analytical solution appears to be 
superposed by a specific time “ts”. This behavior was independent from the applied 
charging current density even at high used charging current density of 9.00 mA/cm²  
(Figure 5-103). 
 
Hence, the determination of the “ts” was necessary. Thus, the definition of this criterion was 
based on the experimental data. The mentioned superposition time delivers the necessary 
time for displacement of the analytical solution derived from calculation with ”DIP”  
(Equation 5-29 and Equation 5-30). This displacement of the analytical solution by a certain 
time “ts” is shown in Figure 5-104. 
 

 
Figure 5-104: Experimental determination of superposition time “ts”: (a) Similar shape of experimental 

data and analytical solution using “DIP”, (b) Effect of superposition time 
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The red dashed curve in Figure 5-104-a and b represents the analytically derived 
permeation transient compared to the experimental data (green solid curve). Both curves 
were plotted in one diagram (part a). Both curves are quite similar. But, they are displaced 
by a certain time range. Subsequently, the starting point of the analytically derived 
permeation transient (dashed red line) can be displaced by a defined offset time (shown in 
part b - on the right). Thus, a regression function was used, which minimized the difference 
of the integral values of both curves (for incremental steps of 1 s). This procedure resulted 
in a certain offset time, which indicates the mentioned superposition time “ts”. 
 
It was ascertained that the corresponding time “ts” was in close agreement to the time until 
first hydrogen flux appeared (i.e. increasing permeation current density above zero). For 
comparison, this corresponding time was determined from the experimental data after 
permeation hydrogen flux reaches 1 % of “imax” (like another kind of break-through time “tb”). 
The superposition “ts” was nearly identical with time until a hydrogen flux of 1 % of “imax” 
appeared. Hence, the superposition time was defined in that way in Equation 5-31.  
 

ts:			
i t=ts

imax
	=	

J t=ts

Jmax
= 0.01 Equation 5-31: Definition of superposition time “ts” 

 
An example for a superposed transient is presented in Figure 5-105. It is obvious that a 
close agreement can be achieved between the experimental data and the optimized 
analytical solution based on “DIP” and superposition time “ts”. 
 

 
Figure 5-105: Optimized displaced and superposed permeation transient with indicated 

superposition time “ts” (T24 BM for charging current density of 1.25 mA/cm²) 
 
The determination of the superposition time “ts” (Equation 5-31) allowed further the 
calculation of apparent hydrogen diffusion coefficients in accordance to a newly developed 
method. This method is shown in the next chapter and combines the advantages of time-
lag method and inflection point method. 
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5.2.6.2 Deduction of Modified Time-lag Method 

The application of the superposition time “ts” combined with conventional time-lag method 
allowed the calculation of apparent hydrogen diffusion coefficients neglecting electrolyte 
effects as mentioned in [260]. The basic principles have been already published by the 
author et al. in [353]. For this reason, the “tlag” was modified by the mentioned superposition 
“ts” time. Thus, a relatively simple procedure was used (subtraction), which resulted in a 
modified lag-time “tlag mod” This modified lag-time can be applied in the time-lag method to 
calculate a diffusion coefficient. This procedure is shown in Equation 5-32 (modified  
lag-time) and Equation 5-33 shows the derived modified diffusion coefficient “Dlag mod”. 
 

tlag mod	= tlag - ts Equation 5-32: Modified lag time “tlag mod” 

Dlag mod	=	
L2

6 * tlag - ts
 Equation 5-33: Modified diffusion coefficient “Dlag mod” 

 
Figure 5-106 illustrates the principal determination of “tlag mod” and determination of 
superposition time “ts”. The common lag-time (“tlag” of the conventional time-lag method) is 
determined at the point at which “it/imax = 0.63” (63 % of the steady-state maximum 
permeation current density). 
 

 
Figure 5-106: Determination of modified lag-time “tlag mod” 
 
As shown in Figure 5-106, the proposed time-lag method combines advantages of the 
conventional time-lag method and inflection point method. For example, they are: 

 Negligible influence of unavoidable hydrogen adsorption and absorption reactions at 
hydrogen entry side of permeation specimen in accordance to Dresler and  
Froberg [260], 

 Avoidance of necessary determination of the slope “ai” if the  inflection-point method 
would be used and 

 Improved practicability of the superposition time “ts” by fixing that time at 1 % of the 
steady-state permeation flux “imax”. 
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5.2.6.3 Experimental Verification 

This chapter shows the obtained hydrogen diffusion coefficients “Dlag mod” derived from the 
modified time-lag method in accordance to Equation 5-33. For further analysis, several 
experimental data sets were investigated. Two cases were separated: (I) influence of the 
charging condition in terms of charging current density and (II) influence of heat-treated 
microstructures by consideration of representative HAZ microstructures. 
 
(I) Effect of charging condition 
For the evaluation of charging parameters, a range of low, moderate and relatively severe 
charging current densities was examined. All specimens did not show surface defects like 
blistering, which indicates suitable applied charging conditions. A part of the T24 BM and 
WM data have been already presented elsewhere [353]. Table 5-20 shows the derived 
mean values for the T24 BM and WM with different examined charging current densities. 
 
Table 5-20: Modified time lag method - Effect of charging current density for T24 BM and T24 WM for 

charging current density from 1.25 mA/cm² to 4.50 mA/cm² 

Micro-
structure 

Charging 
current 

density in 
mA/cm² 

t in 
s 

D in 
10-5 mm2/s 

Ratio 
 

Dlag mod

DIP
 ts tlag tlag mod Dlag mod DIP

 

T24 BM 
1.25 587 1,138 551 7.10 6.74 1.05 
4.50 297 834 537 7.75 7.62 1.02 

Average  1.03 

T24 WM 
1.25 1367 479 888 4.76 4.02 1.18 
4.50 750 269 481 8.73 9.74 0.90 

Average  1.04 
 
The data showed that the superposition time “ts” covered a distinct part of the lag-time “tlag”. 
For example, this superposition time covered nearly 50 % of the calculated lag-time “tlag” at 
an applied current density of 1.25 mA/cm² (in case of T24 BM). This indicates the necessity 
of the consideration of certain superposition time if calculating hydrogen diffusion 
coefficients. Additionally, the calculated hydrogen diffusion coefficients were in close 
agreement with respect to the ratio of the obtained diffusion coefficients  
“Dlag mod” vs. the inflection-point diffusion coefficient ”DIP”. The average correlation factor was 
very high and close to one (100 %). This was independent of the applied charging current 
density and indicated the practicability of the suggested method even in case of different 
hydrogen activities (within the examined charging current density range). 
 
(II) Effect of heat treatment (HAZ microstructures) 
Different calculated data (mean values) for tempered BM condition and “as-quenched” 
corresponding HAZ microstructures are shown in Table 5-21 for the 16MND5. In advance, 
the charging current density was fixed for all permeation experiments to 1.25 mA/cm². 
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Table 5-21: Modified time lag method - Effect of heat input on diffusion in case of tempered BM and 
“as-quenched” HAZ microstructures (example: 16MND5) 

Microstructure 

t in 
s 

D in 
10-5 mm2/s 

Ratio 
 

Dlag mod

DIP
 ts tlag tlag mod Dlag mod DIP 

16MND5 BM 125 329 204 20.40 22.40 0.91 
Martensitic CHAZ 526 1,382 856 4.87 4.84 1.01 

Bainitic CHAZ 302 1,111 809 5.15 4.94 1.04 
Martensitic FHAZ 705 2,085 1,380 3.10 3.29 0.94 

Bainitic FHAZ 576 2,102 1,526 2.74 2.91 0.94 
Average  0.97 

 
In Table 5-21, the superposition time “ts” is shown. It increased with increasing lag-time 
“tlag”. For example, the superposition time covered 38 % in case of the 16MND5 BM and  
34 % in case of martensitic FHAZ. Nevertheless, this ratio of “Dlag mod” and “DIP” was close 
to one or equivalent to 100 % (indicated in the last column). This was independent of the 
microstructure and the heat treatment condition “tempered” (BM) or “as-quenched” (in case 
of the HAZ). This indicates the applicability of the modified time-lag method by neglecting 
electrolyte or hydrogen adsorption effects as proposed by Dresler and Frohberg [260]. 
 
The introduced experimental data of 16MND5 BM (author’s data) and T24 BM in 
accordance to [338] have been already included in a newly developed numerical model. 
The aim of this model is the simulation of hydrogen flux during permeation experiments 
[354]. The conducted numerical investigations confirmed the limited applicability of the 
conventional time lag method in terms of decreased apparent diffusion  
coefficients “Dlag” [355]. The reason was a remarkable influence of the necessary break-
through time with respect to the entire time to reach the steady-state condition during a 
permeation experiment. 
 
The proposed modified time-lag method is assumed to be more realistic in the case of 
assessment of hydrogen diffusion. In addition, it supports the preference of hydrogen 
diffusion coefficients derived from the inflection point method. Both methods deliver a robust 
algorithm for calculation of apparent hydrogen diffusion coefficients. Nevertheless, the 
varied superposition time “ts” during the experiments indicated a certain microstructure 
dependency, which was related to different trapping capabilities of the examined 
microstructures. Hence, a uniform time constant that was only affected by the charging 
electrolyte or charging current density cannot be given. Additionally, the reported method is 
only valid for the specimen thickness of 0.5 mm. Hence, further investigations have to be 
conducted including varied specimen thickness. 
 
 
5.2.7 Summary of Permeation Experiments 

The conducted permeation experiments provided a wide range of different apparent 
hydrogen diffusion coefficients. The derived main findings can be summarized as follows: 
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Material topics 
 The tempered BM grades always showed increased hydrogen diffusion compared to 

“as-quenched” microstructures expressed by the different diffusion coefficients. 
Additionally, the HAZ microstructures showed deviations between FHAZ and CHAZ (in 
case of the 16MND5). However, these deviations are minor important if they 
compared to the BM due to the generally decreased diffusion coefficients of the HAZ. 

 Microstructure changes in the HAZ are complex. Hence, a uniform description of the 
influence of each weld microstructure cannot be given. This was accompanied by the 
sensitivity of the permeation technique to the applied experimental boundary 
conditions.  

 The chemical composition has influence on the hydrogen diffusion. The alloying of Cr 
and especially V in case the T24 decreases hydrogen diffusion coefficients. This was 
attributed to increasing hydrogen trapping capability of the microstructures, which was 
also expressed by remarkably decreased hydrogen flux in this case. 

 Decreasing diffusion in the HAZ results in extended time for hydrogen effusion. 
Hence, the risk for HAC or degradation can increase due to the increased remarkable 
time dependency, in other words the common problem of delayed HAC especially at 
lower temperatures. This is very important in terms of fossil-fired power plants (or 
petrochemical industry) if components are hydrogen charged under service conditions 
and undergo flexible loads. For example, fast decreasing service temperature can 
result in insufficient time for hydrogen effusion expressed by the decreased diffusion 
coefficients. 

 Combined with the results of the mechanical properties (chapter 5.1) it was possible to 
give advice which microstructure was the most susceptible. Additionally, the 
calculated diffusion coefficients enabled the estimation of certain time ranges (at room 
temperature) for remaining of hydrogen in a given microstructure. 

 
Analytical topics 
 The range of the calculated diffusion coefficients for a given charging parameter set 

was remarkably increased by a changed charging current density. Hence, a 
compromise of a defined charging current density has to be found. 

 The used calculation method determines the value of the diffusion coefficient. As 
shown for inflection point and time-lag method, different calculated values can occur 
from the same experimental data. If they are applied for necessary time for hydrogen 
effusion more or less large deviations can occur. 

 The inflection point method and the proposed modified time-lag method are 
recommended for the calculation of apparent hydrogen diffusion coefficients. The 
reason was the very good agreement between experimental data and analytically 
calculated permeation transient. 

 Finally, the mentioned influence of the charging parameters and calculation method is 
an important factor for deviation of hydrogen diffusion coefficients. This can be seen in 
the scatterbands reported in [228,229,237,246].  
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5.3 Hydrogen Diffusion at Elevated Temperatures (CGHE 
Experiments) 

This chapter presents obtained results of the calculated hydrogen diffusion coefficients at 
elevated temperatures by interpreting the respective effusion/degassing curves. The G4 
hydrogen analyzer was applied (CGHE with TCD) for these experiments in the temperature 
range from 100°C to 400°C. The experiments were conducted with an optimized heating 
procedure for accelerated heating of the specimens (hydrogen analyzer was shown in 
chapter 4.6.2 and applied heating parameters are shown chapter 4.8.2). Nevertheless, the 
temperature is the driving force for hydrogen diffusion. Hence, a deeper introduction is 
necessary to explain why an accelerated specimen heating has beneficial effect on 
determination of reliable diffusion coefficients. 
 
 
5.3.1 Procedure for Accelerated Specimen Heating 

5.3.1.1 Necessary Optimization of Accelerated Heating 

The hydrogen diffusion coefficients increased with increasing analyzing temperature 
(exponential relation to the temperature). In particular, the real specimen temperature can 
show deviations compared to the “adjusted temperatures” in the control software of the 
hydrogen analyzers. Hence, an apparent hydrogen diffusion coefficient (determined at a 
given elevated temperature) can represent an averaged value including strong differences 
in the applied temperature. To “neglect” this temperature dependency of the diffusion 
process, isothermal degassing can be performed at a defined constant temperature level. 
Subsequently, the diffusion coefficients are calculated from the recorded effusion curves for 
the defined temperature levels. In addition, diffusion coefficients between the corresponding 
maximum and minimum temperature can be interpolated by plotting an Arrhenius-
relationship of diffusion coefficients vs. the inverse absolute temperature “T” in K. It is 
obvious that the real specimen temperature has a major influence on the diffusing 
hydrogen, i.e. the calculated diffusion coefficients. Thus, the heating of the specimen is 
important and indicates how fast a desired constant analyzing temperature in the specimen 
can be reached. 
 
In general, the resolution of a TCD is limited. Hence, a larger specimen volume (due to 
increasing specimen diameter) would result in an increased absolute hydrogen signal, 
 i.e. increased stability of the TCD signal. Nevertheless, an expanded volume needs 
increased time for heating due to the necessary increased heat-input into the specimen 
volume. Subsequently, the heating rate would decrease in the case of larger specimens 
and would increase the necessary hydrogen charging time by days (in case of increased 
specimen diameter). Therefore, the investigated cylindrical represented a good compromise 
of the possibility of fast heating and hydrogen detection due to their diameter of 3 mm. 
 
5.3.1.2 Optimized Method for Specimen Heating 

Figure 5-107 shows the mentioned principle of accelerated specimen heating for a 
representative desired isothermal sample holding temperature of 200°C. The final aim was 
to reach rapidly the desired isothermal temperature by accelerated heating. 
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Figure 5-107: Sample temperature vs. furnace temperature depended on PH-condition 
 
As shown in Figure 5-107, different temperature profiles were measured. For that purpose, 
a type-K mantle thermocouple (TC) was applied in the center surface of the cylindrical 
specimen to measure the corresponding temperature profiles. The influence of a certain 
preheating was initially mentioned in chapter 4.8.2 (page 110 ff). Three representative 
heating conditions (I-III) are shown in Figure 5-107. The orange curves represent the 
measured (and adjustable) furnace temperature and the green curves represent the 
corresponding measured specimen core temperatures. It is interesting to note that condition 
(I) (without preheating PH) resulted in the lowest sample heating, a moderate preheating of 
250°C (condition II) in accelerated and high preheating temperature of 325°C (condition III) 
resulted in the fastest heating to the desired 200°C (indicated by solid green line). 
 
Table 5-22 shows the initial and optimized preheat parameters, which have been identified 
by further comprehensive experiments with the aim to achieve rapid heating to the desired 
final effusion/degassing temperature.  
 
Table 5-22: Presetting for heating programs: Initial condition (I) compared to optimized condition (III) 

Desired specimen 
degassing 

temperature Ts in °C 

Preheat time  
tPH in s 

Preheat temperature 
TPH in °C 

Analyzing 
temperature TA in °C 

I III I III I III 

100 

120 240 

100 150 100 103 
200 200 325 200 212 
300 300 590 300 318 
400 400 800 400 420 

 
With the data in Table 5-22, linear regression functions were defined, which enabled the 
definition of accelerated heating to an isothermal holding condition for each desired 
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temperature level between 100°C and 400°C. The necessary preheat temperature 
“TPH”	and the analyzing temperature “TA” functions vs. the sample core temperature “TS” are 
given in Figure 5-108. Both temperatures “TPH” and “TA” had to be adjusted before analysis 
is started. The conventional user interface of G4 analyzer’s control software was used. 
 

 
Figure 5-108: Adjustment of preheat temperature TPH and analysis temperature TA for G4 control 

software 
 
A desired final specimen temperature of 400°C required a preheat temperature “TPH” of 
800°C. For example, this preheat temperature was similar to austenizing temperature of the 
16MND5 (approx. 900°C). After insertion of the specimen into the furnace, the high 
temperature may cause austenization of the surfaces of the specimens - this phase 
transformation to austenite has to be avoided. As a result, the determination of hydrogen 
diffusion coefficients was limited to an isothermal analyzing temperature “TA” of 400°C. The 
reason is that austenite has distinctly lower hydrogen diffusion compared to bainite or ferrite 
(fcc vs. bcc lattice-type), especially at elevated temperatures. This means the hydrogen 
evolution rate would decrease by several magnitudes and falsify the calculated diffusion 
coefficients. Additional experiments with 500°C (necessary preheat temperature “TPH” of ca. 
970°C) confirmed this assumption. 
 
Figure 5-109 shows the real sample (center) temperatures for the three heating conditions 
(I to III) for a final holding temperatures of 100°C and 200°C. 
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Figure 5-109:  Real specimen (center) temperature TS dependent on PH condition (I), (II) and (III) for 

intended analysis temperature TA of 100°C and 200°C 
 
The defined preheating in terms of condition III (solid black and green line) resulted in the 
fastest heating of the specimens. In the case of 200°C, condition I (without PH) resulted in a 
specimen core temperature of 155°C after 300 s. In the case of condition III, this 
temperature was reached after 30 s. This corresponds to a reduction of the time scale by 
factor ten to reach an appropriate analysis temperature. 
 
 
5.3.1.3 Influence of Heating Program on Hydrogen Effusion/Desorption 

For experimental verification of the proposed accelerated heating, a choice of specimens 
were hydrogen charged and degassed with the previously mentioned adjusted furnace 
preheat temperature and analyze temperature (see Table 5-22). Figure 5-110-a  shows the 
obtained hydrogen effusion rates for the isothermal degassing at 200°C using the condition 
I (without PH) and cond. III (fastest heating). The temperature is indicated by green curves 
and the hydrogen effusion rate by black curves. Figure 5-110-b shows the calculated 
normalized curves of the remaining hydrogen amount in the specimens. 
 

  
Figure 5-110: Influence of PH condition hydrogen diffusion (16MND5 BM): (a) Temperature depended 

effusion rate, (b) Normalized hydrogen amount 

a) b)



5 Results and Discussion 

196  BAM-Dissertationsreihe 

Obvious, the heating program had distinct influence on the occurring hydrogen effusion 
rate. Thus, Table 5-23 shows a survey of the obtained data for the hydrogen peaks  
Figure 5-110-a and the corresponding “t0.5”-time after 50 % of initial hydrogen amount had 
left the specimen shown (Figure 5-110-b). 
 
Table 5-23: Hydrogen peak vs. heating program/preheat condition for 200°C isothermal holding 

temperature 
Preheat 
condition  tp in s TP in °C t0.5 in s 

I 92 87 97 
III 25 160 42 

 
Where, “tp” is the time in s until the maximum hydrogen peak is reached, “TP” is the 
corresponding peak temperature in °C and “t0.5”-time is the well-known time for 50 % of 
effused hydrogen amount. 
 
With increasing heating rate the hydrogen peak appeared within less time (peak time “tp” is  
92 s in case of condition (I) compared to 25 s in case of (III). The corresponding peak 
temperatures are “TP” 87°C (I) compared to 160°C (III). In other words the 
effusion/degassing process was accelerated by the fast heating in the case of  
condition (III). This can be directly seen in Figure 5-110 -a indicated by two effects. At first, 
the peak value (effusion rate) increased by accelerated heating. Secondly, the necessary 
peak time was significantly decreased. 
 
Both specimens showed a similar HD of 1.8 ml/100 g Fe, which can be seen in the similar 
surface area under the effusion/degassing curves. The necessary time for decreasing this 
initial hydrogen amount “M0” showed a distinct decrease with accelerated heating as shown 
in Figure 5-110-b. Hence, the “t0.5”-time decreased from 97 s (condition I) to 42 s (condition 
III). In other words, each used diffusion coefficient calculation (method based on the “t0.5”-
time) will compulsorily result in increased diffusion coefficient by a factor of 2.3  
(if considering the ratio of the determined “t0.5”-times: 97 s and 42 s). 
 
The effusion/degassing curves (i.e. the diffusion coefficients) at elevated temperatures were 
influenced by an optimized heating procedure. For avoidance of higher temperature 
gradients during the hydrogen effusion, it was necessary to apply the accelerated heating 
process. Hence (as demonstrated for the permeation experiments), hydrogen degassing 
experiments should be performed under consideration of the experimental boundary 
conditions like an adequate heating process. 
 
For example, Figure 5-111 shows obtained effusion rates in a range of 100°C to 400°C of 
the T24 BM. It is obvious that the suggested heating procedure worked very well within the 
mentioned temperature range if considering an increase of the hydrogen peak at beginning 
of the effusion/degassing curve. 
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Figure 5-111: Temperature dependency of effusion rates exemplified for T24 BM 
 
Applicability 
The presented method of accelerated specimen heating was developed further in a student 
research project [328] with the successful application of a MS (Galileo G8). This procedure 
allowed the examination of the temperature range from ambient temperature (25°C) to 
100°C due to the increased resolution of ppb compared to the approximately 0.1 ppm of the 
TCD. Nevertheless, the suggested method can be applied with each commercial hydrogen 
analyzer with adjustable temperatures. 
 
 
5.3.2 Hydrogen Diffusion Coefficients in Temperature Range from 100°C to 

400°C Derived from CGHE with Internal TCD 

5.3.2.1 16MND5 BM and HAZ Microstructures 

This chapter shows the calculated hydrogen diffusion coefficients of the 16MND5 and its 
corresponding HAZ microstructures. All specimens were analyzed using the previously 
shown accelerated heating to reach the quasi-isothermal condition. Thus, the 
effusion/degassing data were calculated from the obtained quasi-isothermal effusion curves 
with the methods mentioned in chapter 4.8.1 and in Equation 2-37 (method three on  
page 66) in accordance to [257,279]. Thus, Figure 5-112 shows the normalized remaining 
hydrogen amount for the different examined hydrogen levels between 100°C to 400°C. 
Figure 5-113 presents the calculated diffusion coefficients of the 16MND5 BM. The 
corresponding deviations are not shown due to logarithmic scale of the y-axis. They are 
summarized for all diffusion coefficients in Table 5-24. 
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Figure 5-112: Normalized remaining hydrogen 

amount in 16MND5 BM at different 
degassing temperatures 

 
Figure 5-113: Calculated diffusion coefficients of 

16MND5 BM from 100°C to 400°C 

 
As indicated in Figure 5-112, the normalized curves decreased with increasing isothermal 
degassing temperature. Hence, the “t0.5”-time was reduced. This is indicated by the black 
dashed lines showing the particular half-life times. The corresponding hydrogen diffusion 
coefficients of the 16MND5 BM are shown in Figure 5-113. They were within a range of 
from 2.0*10-3 mm²/s (100°C) to 6.0*10-3 mm²/s (400°C). The minimum temperature of 100°C 
was limited due to the resolution of the TCD in terms of low effusion rates (for example, see 
Figure 5-111). This becomes important even at lower temperatures. The 400°C represent 
the maximum temperature necessary preheating of the furnace with further increased 
temperatures. 
 
Figure 5-114 shows the calculated hydrogen diffusion coefficients for the bainitic HAZ 
microstructure. The martensitic HAZ microstructure is shown in Figure 5-115. For 
comparison, the 16MND5 BM data is indicated by orange open squares in the same 
diagrams. The corresponding numerical values are shown in Table 5-24 
 

Figure 5-114: Calculated diffusion coefficients 
of 16MND5 Bainitic HAZ from 
100°C to 400°C 

Figure 5-115: Calculated diffusion coefficients 
of 16MND5 Martensitic HAZ 
from 100°C to 400°C 
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Table 5-24: Calculated hydrogen diffusion coefficients of 16MND5 BM and HAZ microstructures 

TS in °C 
Hydrogen diffusion coefficient D in10-3  mm²/s 

16MND5 
BM 

Bainitic 
CHAZ 

Bainitic 
FHAZ 

Martensitic 
 CHAZ 

Martensitic 
 FHAZ 

100 2.10 ± 0.20 1.51 ± 0.37 0.98 ± 0.06 1.38 ± 0.13 1.58 ± 0.13 
200 3.50 ± 0.50 2.52 ± 0.53 2.31 ± 0.25 2.49 ± 0.24 3.15 ± 0.20 
300 5.03 ± 0.24 3.94 ± 0.68 3.70 ± 0.25 4.32 ± 0.29 5.02 ± 0.13 
400 5.78 ± 0.47 4.42 ± 0.20 4.80 ± 0.11 5.12 ± 0.36 6.00 ± 0.70 

 
All HAZ microstructures showed decreased calculated hydrogen diffusion coefficient at 
corresponding temperature levels compared to the BM. Only the martensitic FHAZ showed 
comparable coefficients to the BM. Nevertheless, all examined microstructures had a 
magnitude of 10-3 mm²/s. These remarkable differences between the microstructures at “TS” 
of 100°C were assumed to be influenced by uncertainties of the TCD in case of low 
hydrogen effusion rates. This may result in misleading data due to insufficient calculated 
effusion time. Hence, the diffusion coefficient in temperature range from 200°C to 400°C 
was assumed to be more practicable. 
 
Basic research (at elevated temperatures) was conducted by Pressouyre et al. [246] 
concerning Mn-Mo-Ni HAZ microstructure diffusion. They examined a RPV BM grade as 
well as high temperature diffusion coefficients for a mostly martensitic HAZ microstructure. 
Figure 5-116 compares the obtained data of the present study to those of the previously 
mentioned reference.  
 

 
Figure 5-116: Calculated diffusion coefficients of 16MND5 BM and HAZ microstructures compared to 

values of reference [246] 
 
The obtained values of Pressouyre et al. [246] are indicated in Figure 5-116 by a green 
solid line for the BM and a green dashed line for the HAZ. The obtained 16MND5 BM 
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coefficients have been in quite good agreement with those of the mentioned reference. 
Nevertheless, the 16MND5 HAZ microstructures showed a bigger deviation compared to 
the reference in the range from 100°C to 400°C. This was attributed to the determination of 
the hydrogen diffusion coefficients. They determined the hydrogen diffusion coefficients 
from high temperature gas-phase charging permeation experiments with a sample 
thickness of 10 mm. In addition, the diffusion coefficients were calculated by the time-lag 
method, which leads by trend to lower diffusion coefficients (chapter 2.5.1.2 on page 59). 
 
In addition to the examined elevated temperature range from 100 to 400°C, the calculated 
diffusion coefficients of the permeation experiments are shown in Figure 5-116. The 
ambient temperature of 25°C resulted in the lowest calculated diffusion coefficients by one 
magnitude (16MND5 BM) up two magnitudes (HAZ). This was in accordance with the 
already mentioned reference [246]. 
 
Nevertheless, in the examined temperature range from 100°C to 400°C a remarkable 
microstructure influence of the as-quenched bainitic or martensitic HAZ microstructure 
seemed to be questionable as well the influence of the refined or a coarse grain structure 
compared to the tempered BM condition. This is in accordance with the work of Perez-
Escobar et al. [231] in terms of high temperature thermal desorption analysis study with 
several LA steel grades (ferritic-bainitic and ferritic-martensitic) and different lab casts with 
pure as-quenched ferrite, bainite or martensite microstructure [362]. They showed similar 
hydrogen effusion peak temperatures in the range of approximately 100°C independent of 
the examined microstructures. This indicated that hydrogen was weakly reversibly trapped 
above 100°C and the decreased influence of the bcc microstructures. High temperature 
effusion peaks only appear in presence of remarkable amounts of austenite or 
martensite/austenite (M/A) constituents, i.e. fcc crystal lattice like retained austenite in TRIP 
(transformation induced plasticity) steels [231]. Nevertheless, changes in the HAZ 
microstructure due to welding (i.e. traps for hydrogen) become more important with 
decreased temperature expressed by decreasing diffusion coefficients [229,246,274]. 
 
For welding and service applications of the investigated RPV grade 16MND5, the 
determined diffusion coefficients indicate that < 100°C a remarkable decrease of the 
hydrogen diffusion velocity had to be considered. Hence, the risk of a delayed cracking can 
increase due to remaining hydrogen concentrations even at higher temperatures. 
Additionally, the HAZ microstructures are the limitation factor in terms of the lowest diffusion 
coefficients. 
 
 
5.3.2.2 T24 BM, HAZ Microstructures and WM 

This chapter presents the diffusion coefficients of the T24 weld microstructures at elevated 
temperatures in the range from 100°C to 400°C. The diffusion coefficients of the T24 BM 
were part of a student research project [338] and the CHAZ and (electrochemically 
charged) WM of a diploma thesis [320] under the supervision of the author. These data are 
compared to each other. In addition, the missing FHAZ data was completed by additional 
CGHE measurements by the author himself. 
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Figure 5-117 exemplifies representative temperature dependent normalized effusion curves 
for the T24 BM. Figure 5-118 shows the derived hydrogen diffusion coefficients for the  
T24 BM vs. the WM. The BM data is indicated by orange open squares. This indication was 
further used in Figure 5-119 (comparison to CHAZ) and in Figure 5-120 (comparison to 
FHAZ). All hydrogen diffusion coefficients were determined from effusion curves using the 
previously described accelerated heating method. Method 3 was used (in accordance to 
Equation 2-37 on page 66) for calculation of the diffusion coefficients. 
 

Figure 5-117: Normalized remaining hydrogen 
amount of T24 BM specimens at 
different degassing temperatures 

 
Figure 5-118: Calculated diffusion coefficients of 

T24 BM and WM (EC) from 100°C 
to 400°C [320,338] 

Figure 5-119: Calculated diffusion coefficients of 
T24 CHAZ [320] from 100°C to 
400°C 

 
Figure 5-120: Calculated diffusion coefficients of 

T24 FHAZ from 100°C to 400°C 

 
Both T24 HAZ microstructures and electrochemically charged (abbreviated with “EC”) WM 
specimens showed a slight deviation compared to the T24 BM. This is independent of the 
temperature in the examined range from 100°C to 400°C. Hence, a certain microstructure 
independency was noticed of the calculated hydrogen diffusion coefficients. This 
assumption was extended by the independency of the used LA concept due to the similar 
data of the 16MND5 microstructures (see Table 5-24 on page 199). Table 5-25 shows the 
calculated hydrogen diffusion coefficients with their corresponding deviations. 
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Table 5-25: Calculated hydrogen diffusion coefficients of T24 BM, HAZ and WM 

T in °C 
Hydrogen diffusion coefficient D in10-3  mm²/s 

T24 BM 
[320,338] 

CHAZ 
[320] 

FHAZ 
[-] 

WM (EC) 
[320] 

100 1.6 ± 0.3 1.6 ± 0.1 1.3 ± 0.0 1.7 ± 0.2 
200 2.5 ± 0.3 2.1 ± 0.1 2.3 ± 0.1 2.2 ± 0.1 
300 4.2 ± 0.2 3.8 ± 0.2 3.8 ± 0.5 3.6 ± 0.1 
400 5.7 ± 0.5 5.5 ± 0.4 4.9 ± 0.4 5.0 ± 0.2 

 
The calculated hydrogen diffusion coefficients of all examined T24 microstructures had 
been in a very narrow range. For example, a degassing temperature of 200°C results in a 
range from 2.1*10-3 mm²/s (CHAZ) to 2.5*10-3 mm²/s (BM). Hence, the microstructure and 
the chemical composition had minor effect on hydrogen diffusion in the examined 
temperature range from 100°C to 400°C. In accordance to Pressouyre [214], hydrogen is 
only weakly trapped in this temperature range. As a result, possible detrimental hydrogen 
levels in the weld microstructures could be reduced by application of a sufficient DHT (time 
and temperature). 
 
Nevertheless, the Cr-Mo-V containing T24 microstructures are in closer agreement to 
reported values of those for Cr-Mo steels reported by Coudreuse et al. [238]. These values 
are indicated by the green solid line in Figure 5-121. In contrast, Cr-Mo-V steels [59,237] 
(indicated by the green dashed line) have been reported having decreased diffusion 
coefficients by one magnitude, which is independent of the temperature range. 
 

 
Figure 5-121: Calculated diffusion coefficients of T24 BM, HAZ and WM compared to 

references [59,237,238] 
 
The reason for that close agreement of the Cr-Mo-V steel T24 compared to V-free Cr-Mo 
steels (indicated by the green solid line in the figure) is attributed to the influence of the 
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calculation method on hydrogen diffusion coefficients (in accordance to Figure 5-128 on 
page 211). Additionally, the diffusion coefficients reported by Brouwer for a 3Cr1-Mo-0.25V 
grade [237] have been determined from tempered material condition, which was in contrast 
to the “as-quenched” T24 HAZ microstructures. Although the investigated T24 BM grade is 
in tempered condition, a remarkable difference between BM and the simulated as-
quenched HAZ microstructures cannot be observed within the range from 100°C to 400°C. 
Recently, a simplified explanation for the similar diffusion behavior of all examined 
microstructures cannot be given. 
 
Nevertheless, a possible explanation is the prior hydrogen charging procedure itself. The 
data presented by Brouwer [237] have been determined from hydrogen charging with pure 
gaseous hydrogen in autoclave atmosphere (pressure of 15 MPa and at elevated 
temperatures from 200 to 450°C). In case of high pressure charging, adsorption kinetics of 
hydrogen is completely different from those applied for the electrochemically charged 
(abbreviated with “EC”) T24 specimens at room temperature in the present thesis. In 
accordance to [190,356] GC results in lower HD in a certain microstructure compared to EC 
charging. In addition, EC charged specimens had decreased average binding energy of the 
hydrogen, which indicates hydrogen trapping at different sites compared to GC. Assuming a 
constant number and density of reversible hydrogen traps in a given microstructure, 
diffusing hydrogen has to pass an increased number of “free” traps in terms of  
GC specimens compared to already “filled” traps in case of EC charging. As a result, the 
apparent hydrogen diffusion coefficient decreases. Additionally, this confirms the important 
influence of consideration of experimental boundary conditions. This effect was confirmed in 
(ongoing) investigations of EC and GC charged T24 WM specimen (not published yet). But, 
the conducted GC charging via TIG arc column is difficult to compare to autoclave 
experiments reported in [237,238]. The reasons are different hydrogen charging time as 
well as temperature and pressure. All of these charging conditions have influence on the 
hydrogen adsorption and absorption processes. 
 
Figure 5-121 shows that distinct weld microstructure influence on hydrogen diffusion only 
appeared at ambient temperature of 25°C (in terms of the permeation experiments, which 
summarized in Table 5-16 and Table 5-17). In addition, the HAZ microstructure is the most 
critical microstructure in each case. The reason is that the HAZ combines the detrimental 
influence of increased susceptibility to certain degradation of mechanical properties with 
presented diffusion data. By t consideration of hydrogen absorption in a certain susceptible 
microstructure, the possibility for delayed HAC is significantly reduced by time-delayed 
diffusion in HAZ microstructures compared to BM or WM condition. 
 
 
5.3.2.3 Effect of Hydrogen Charging Method at Elevated Temperatures 

In case of welding, hydrogen may be introduced into the weld seam via contaminations of 
the shielding gas or moisture due to insufficient shielding gas flow. Due to the high 
temperature absorption, hydrogen can be bound at deeper traps with higher activation 
energy “EA”. In the following, a comparision of electrochemical and gas-phase hydrogen 
charging is given. The data have been extracted from basic experiments with T24 in a 
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diploma thesis [320] under supervision of the author of the present thesis. T24 WM 
specimens were produced by remelting of the T24 base material by TIG weld torch. For the 
in-situ gas-phase hydrogen charging, the Ar-based shielding gas contained 2.5 % and 5 % 
H2. The specimen preparation and extraction techniques were introduced in chapter 4.3.2 
(see page 97). The final aim was to investigate the influence of the hydrogen gas-phase 
charging (GC) of the liquid WM compared to conventional electrochemical charging (EC) at 
room temperature. The calculation of the corresponding hydrogen diffusion coefficients was 
conducted in accordance to the mentioned method three (Equation 2-37 on page 66). In 
advance, the dimensions of the GC WM bars (square with length of = 4 mm) had to be 
transferred into an equivalent diffusion length indicated by a radius “rv” of a virtual cylinder 
with the length “l” of 10 mm. The calculation was done in accordance to Equation 5-34. 
 

rv	=	
a2

π
 Equation 5-34: Equivalent diffusion length “rv” 

 
In this particular case (if l = 4 mm), the radius “rv” corresponded to 2.26 mm. Subsequently, 
the hydrogen diffusion coefficient was calculated with Equation 5-35. Using “rv” set to 2.26 
mm, the previous equation can be simplified as shown in Equation 5-36. 
 

D	=	0.064 * 
rv

2

t0.5

Equation 5-35: Calculation of diffusion coefficients 
(Method three, GC charged) 

D	=	0.327 * 
1

t0.5
 Equation 5-36: Diffusion coefficient with diffusion length “rv” 

 
Subsequently, hydrogen diffusion coefficients of both charging condition were compared to 
each other within the examined temperature range (100°C to 400°C). Figure 5-122 presents 
the obtained results for the 2.5 % H2 + 97.5 % Ar shielding gas mixture (indicated by  
“GC 2.5 %”) and Figure 5-123 for the 5 % + 95 % mixture (indicated by GC 5 %). 
 

Figure 5-122: Diffusion coefficients of T24 WM - 
EC vs. GC with 2.5 H2, in 
accordance to [320] 

 
Figure 5-123: Diffusion coefficients of T24 WM - 

EC vs. GC with 5.0 H2, in 
accordance to [320] 
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As a result from the last figures, the calculated hydrogen diffusion coefficients for the gas-
phase charged (GC) T24 WM bars were similar to both GC conditions (GC 2.5 % and  
GC 5.0 %) and were quite similar to those obtained from electrochemically charging (EC). 
These calculated diffusion coefficients are shown in Table 5-26. 
 
Table 5-26: Calculated diffusion coefficients of T24 WM – Comparision of electrochemical (EC) 

charging and gas-phase charging (EC) [320] 

Degassing 
temperature 

 Ts in °C 

Hydrogen diffusion coefficient D in10-3  mm²/s 

EC GC 2.5 % GC 5.0 % 

100 1.7 ± 0.2 1.4 ± 0.1 1.5 ± 0.1 
200 2.2 ± 0.1 3.0 ± 0.3 3.0 ± 0.1 
300 3.6 ± 0.1 4.5 ± 0.4 4.4 ± 0.2 
400 5.0 ± 0.2 5.5 ± 0.8 6.0 ± 0.4 

 
All diffusion coefficients were in a close range and showed the same ascending tendency 
with increasing temperature in the examined range from 100°C to 400°C independent of the 
charging condition. The 2.5 % GC results in nearly identical diffusion coefficients like the  
5.0 % H2 GC charged specimens. It was assumed that the kinds of hydrogen traps (which 
are occupied during high temperature GC) are similar to those occupied by EC at room 
temperature. This can be seen by the nearly identically diffusion coefficients. 
 
The slight deviation of the GC condition compared to the EC condition was attributed to the 
different geometry (1.5 mm maximum diffusion length in case of EC and virtually 2.25 mm 
in case of GC). The negligible hydrogen trapping at elevated temperatures was expressed 
by the similar diffusion behavior. This was presented in the chapter 5.4.2.3 (Influence of 
Hydrogen Charging Condition - EC vs. GC). Nevertheless, a possible influence of the 
surface roughness should be considered [357]. By trend, the surface roughness of the 
grinded EC charged specimens was lower compared to the water-jet cut GC specimens. 
 
 
5.3.3 Hydrogen Diffusion Coefficients Derived from CGHE Experiments 

with Coupled MS 

5.3.3.1 16MND5 BM and Martensitic CHAZ 

In 2013, the hydrogen analyzer G8 (with coupled quadrupole MS) was installed. The 
significantly improved resolution of MS allowed the determination of very low hydrogen 
effusion rates. Hence, the possible temperature range for the isothermal examination could 
be enlarged. As a result, the method for the accelerated specimen heating was adapted for 
temperature steps of 25°C, 50°C and 75°C. Figure 5-124 shows the results for the two 
examined microstructures, 16MND5 BM and martensitic CHAZ. Both microstructures were 
chosen due to the remarkable differences in the degradation of mechanical properties. 
Owing to the degradation of a susceptible microstructure, the corresponding hydrogen 
diffusion was of great interest. The obtained diffusion coefficients from MS experiments are 
indicated with “MS - G8”. The previously presented diffusion coefficients (derived from 
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hydrogen effusion/degassing curves determined with CGHE and TCD) are plotted for 
comparision in the same figure. They are indicated by “TCD - G4”. 
 

 
Figure 5-124: Calculated diffusion coefficients in case of 16MND5 BM and martensitic CHAZ 

microstructure - CGHE experiments with MS (“MS  - G8”) from 25°C to 75°C to 
compared to TCD experiments (“TCD - G4”) in from 100°C to 400°C 

 
Table 5-27 shows the corresponding numerical values of the calculated hydrogen diffusion 
coefficients of both examined microstructures. 
 
Table 5-27: Calculated diffusion coefficients of 16MND5 BM and martensitic CHAZ microstructure with 

derived from CGHE experiments with coupled MS (“MS -G8”) 

Degassing 
temperature 

TS in °C 

Hydrogen diffusion coefficient D in10-3  mm²/s 
16MND5 

BM 
16MND5 

Martensitic CHAZ 
25 0.51 ± 0.07 0.20 ± 0.08 
50 0.81 ± 0.32 0.42 ± 0.11 
75 1.60 ±  0.03 1.11 ± 0.02 

 
As shown in Figure 5-124, the application of the MS allowed the successful quasi-
isothermal degassing at “TS” of 25°C, 50°C and 75°C. The decreasing temperature causes 
a remarkable decrease of the calculated hydrogen diffusion coefficients in case of the MS. 
As indicated in Figure 5-124, the MS allows a remarkably enlarged range of degassing 
temperatures that can be examined compared to that range of the TCD. Nevertheless, both 
microstructures showed a small, but remarkable, difference of their corresponding 
temperature-dependent hydrogen diffusion coefficients. The obtained values were in 
accordance to those reported Pressouyre et al. [246] (shown in Figure 5-116). 
 
Further analysis of the data revealed range of 10-4 mm²/s of the hydrogen diffusion 
coefficients at ambient temperature of 25°C. Nevertheless, they were greater than those 
diffusion coefficients obtained from the permeation experiments values of both 16MND5 
microstructures. For example, the BM had 5.1*10-4 mm²/s in case of the MS experiment 
compared to that of the permeation experiments (2.1*10-4 mm²/s). The 16MND5 martensitic 
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CHAZ already showed a deviation of approximately one magnitude (2.0*10-4 mm²/s 
compared to 0.5*10-4 mm²/s in case of permeation experiment). It can be stated that the 
differences between BM and HAZ microstructure were confirmed by the MS experiments 
and by the permeation experiments. Nevertheless, these differences between diffusion 
coefficients of permeation experiments and CGHE experiments (at 25°C) are dependent on 
the used different experimental procedures. For example, the permeation experiment 
shows an “in-situ” time-delayed hydrogen process in terms of the rising transient. In 
contrast, a CGHE experiment shows the effusion/degassing process of an already 
hydrogen charged specimen. This finding is in accordance to Pressouyre et al. [246]. They 
concluded that permeation experiments (also at high temperatures) generally result in 
discrepancies of hydrogen diffusion coefficients if they are compared to values of degassing 
experiments (for example, CGHE with coupled MS or TCD). 
 
Nevertheless, decay transients of permeation experiments are sometimes applied to 
investigate a possible trapping behavior [243,244]. But the general applicability of such 
methods should be discussed critically due to the mentioned possible strong variations (see 
chapter 5.2.5) of the apparent hydrogen diffusion coefficients with the varied experimental 
boundary conditions. Additionally, the calculated hydrogen diffusion coefficients can vary 
with the applied calculation method. In particular, this is the case at elevated temperatures 
due to different geometry factors (for example, Equation 2-35 to Equation 2-37). 
 
 
5.3.3.2 T24 BM and T22 BM 

Further CGHE + MS experiments were conducted with T24 steel and T22 steel. In contrast 
to the 16MND5 microstructures, a temperature range from 25°C to 315°C was examined. 
The aim was to identify possible differences of diffusion coefficients derived from the TCD 
experiments. At first, Figure 5-125 shows the time and temperature dependent normalized 
remaining hydrogen amount in the T24 BM specimens in case of TCD and MS. 
 

 
Figure 5-125: Normalized remaining hydrogen amount of T24 BM in different temperature ranges 

derived from CGHE experiments with TCD and MS 
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As mentioned for the TCD (G4) experiments, a decreased temperature resulted in a 
decrease of the hydrogen diffusion within the temperature range between 100°C to 400°C. 
This was expressed by the corresponding effusion curves (black colored curves in  
Figure 5-125). The conducted MS experiments (colored lines in Figure 5-125) revealed a 
stronger decrease of the hydrogen diffusion. This was expressed by the distinct decrease of 
the “t0.5”- time in case of the MS effusion experiments (colored curves). 
 
The subsequently present diffusion coefficients were derived from different student 
research projects under supervision of the author. They were applied for comparision of 
TCD and MS experiments as well as the influence of the chemical composition in case of 
creep-resistant Cr-Mo(-V) alloyed steels. Figure 5-126 compares both calculated hydrogen 
diffusion coefficient of the T24 BM, which were derived from “TCD - G4” measurements 
[320] and from “MS - G8” experiments [328]. In addition, Figure 5-127 shows the influence 
of the chemical composition in terms of additional MS experiments conducted T22 [328].  
 

Figure 5-126: Calculated diffusion coefficients of 
T24 BM (TCD vs. MS experiments) 
[320,328] 

 
Figure 5-127: Calculated diffusion coefficients of 

T22 (MS experiments) [328] 

 
The CGHE experiments revealed a very good agreement of the calculated diffusion 
coefficients (i.e. the corresponding hydrogen effusion curves) derived from the experiments 
with both hydrogen analyzers for the T24 BM (Figure 5-126). This can be seen in terms of 
the comparison of the orange solid line/open circles (CGHE+MS) to the black line/open 
squares (CGHE+TCD) indicated in Figure 5-126. 
 
The comparison of the CGHE + MS experiments of both grades T24 BM and T22 BM 
(Figure 5-127) delivered very similar hydrogen diffusion coefficients. This was independent 
of the chemical composition (i.e. LA concept). A remarkable difference only appears at 
ambient temperature of 25°C. Table 5-28 presents the numerical values of the calculated 
diffusion coefficients. The T24 BM diffusion coefficients are compared in terms of used 
hydrogen determination method - TCD vs. MS experiments (plot was shown in  
Figure 5-126). In addition, the influence of the chemical composition is presented in terms 
of the conducted T22 MS experiments (plot was shown in Figure 5-127). 
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Table 5-28: Calculated hydrogen diffusion coefficients of T24 BM (TCD vs. MS experiments) and 
T22 (MS experiments) 

TS in °C 
Hydrogen diffusion coefficient  D in10-3  mm²/s 

T24 BM (TCD) 
[320] 

T24 BM (MS) 
[328] 

T22 BM (MS) 
[328] 

25 N/C17 0.20 ± 0.01 0.51 ± 0.05 
50 N/C 0.91 ± 0.06 0.91 ± 0.06 
75 N/C 1.20 ± 0.07 1.17 ± 0.19 

100 1.6 ± 0.3 N/C N/C 
120 N/C 2.10 ± 0.13 2.04 ± 0.15 
200 2.5 ± 0.3 3.10 ± 0.16 N/C 
300 4.2 ± 0.2 N/C N/C 
315 N/C 4.10 ± 0.11 4.76 ± 0.39 
400 5.7 ± 0.5 N/C N/C 

 
As indicated in Table 5-28, the hydrogen diffusion coefficients of both T24 and T22 showed 
different values at ambient temperature of 25°C. This is in accordance with the obtained 
data of the permeation experiments of the T24 BM with 0.67*10-4 mm²/s (“DIP” from the 
permeation experiments) compared to the 2.00*10-4 mm²/s (MS experiments). The 
corresponding values of the T22 are 1.35*10-4 mm²/s compared to 5.10*10-4 mm²/s. Both 
steels showed increased hydrogen diffusion coefficients in case of CGHE experiments. 
Hence, the mentioned general difference of diffusion coefficients derived from permeation 
experiments vs. degassing experiments (CGHE) was confirmed.  
 
At 25°C, the T24 showed decreased hydrogen diffusion coefficients compared to the T22 
(MS experiment). This behavior was already described in the permeation experiment 
results. Hence, the influence of the chemical composition was attributed to the alloying of  
V to Cr-Mo steel in case of the T24. This results in increased hydrogen trapping. These 
additional traps (like fine-dispersed V-rich carbides) delay the overall diffusion process 
[203,238,241,243]. 
 
Nevertheless, the remarkable difference of the hydrogen diffusion at elevated temperatures 
of Cr-Mo and Cr-Mo-V steels is typically in the range one magnitude in the  
references [237,238]. This was not confirmed in this thesis by the conducted experimental 
work on Cr-Mo-V T24 and Cr-Mo T22 [320,328]. The reason is maybe related to the 
different charging procedure (long term autoclave charging with pure gaseous H2 at 
elevated temperatures vs. EC charging). Hence, this obvious discrepancy needs further 
investigation (as already mentioned in chapter 5.3.2.2 - T24 BM, HAZ Microstructures and 
WM). 
 
The obtained difference between permeation diffusion coefficients between and CGHE 
experiments can be explained in terms of different experimental procedures. The 
permeation experiment represents an “in-situ” time-delayed hydrogen absorption and 
diffusion process in terms of the rising transient. In contrast, the CGHE experiments 
represent the effusion/degassing process of a specimen as mentioned by Pressouyre [246]. 
                                                           
17 N/C - Not conducted 
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In this case, electrochemical reactions for hydrogen adsorption and absorption during 
hydrogen charging cannot occur. Hence, the application of hydrogen diffusion coefficients 
derived from hydrogen absorption (permeation) and desorption (degassing) experiments 
should be discussed critically. 
 
 
5.3.4 Summary of CGHE Experiments 

The hydrogen diffusion is a strictly temperature controlled physical process. The obtained 
hydrogen diffusion data revealed some main findings. 
 
 The general ascending tendency of increasing hydrogen diffusion in case of increased 

temperature was obtained for all microstructures. 
 Permeation experiments showed that tempered BM grades always had increased 

hydrogen diffusion coefficients compared to “as-quenched” HAZ microstructures. This 
was independent of the applied LA concept. Hence, the heat treatment condition of a 
material has to be considered for assessment of microstructure influence on hydrogen 
diffusion. 

 In general, microstructure effects became less important with increasing temperature 
≤ 400°C. The hydrogen diffusion coefficients have been in a comparable range for all 
investigated microstructures. Nevertheless, this assumption is only valid for steel 
grades with bcc lattice type (ferrite, martensite, bainite), which excludes any austenitic 
transformation of a microstructure.  

 The MS experiments revealed a strong decrease of hydrogen diffusion coefficients 
below temperatures of 100°C to 200°C. Hence, microstructure influence becomes 
more important below this temperature by increasing hydrogen trapping. This was 
successfully shown for the 16MND5 BM and corresponding martensitic HAZ. A 
remarkable influence of the chemical composition on hydrogen diffusion was 
ascertained in case of V-alloyed T24 steel compared to the T22. 

 
The presented hydrogen diffusion coefficients can be useful for the empiric estimation of 
necessary holding times or necessary temperatures for a dehydrogenation heat treatment 
(DHT) [208,209] for weld joints of the examined steel grades. For a conservative 
assessment of hydrogen diffusion coefficients, it is proposed to apply relatively low 
hydrogen diffusion coefficients. Hence, method three (Equation 2-37 on page 66) was 
applied for the calculation of these diffusion coefficients. For example, the diffusion 
coefficients are necessary for numerical simulation of hydrogen distribution during and after 
welding for assessment of the HAC susceptibility. As a result, a reduction of “critical” HD 
can be calculated by sufficient DHT [210,273,364]. For example, results suggest that 200°C 
was an appropriate holding temperature for DHT due to the nearly linearly increase of 
hydrogen diffusion coefficients above this temperature. 
 
The used degassing procedure (and heating condition) has remarkable influence on the 
effusion curve and, hence, on the hydrogen diffusion coefficient. Additionally, the 
experimental boundary conditions of the permeation experiments allowed a range of 
diffusion coefficients. Figure 5-128 gives a brief survey of the temperature depended 
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hydrogen diffusion coefficients and how they were influenced by calculation or experimental 
boundary conditions. For that purpose, the 16MND5 BM is given as representative example 
for the investigated microstructures. 
 

 
Figure 5-128: Influence of calculation method and experimental conditions on diffusion coefficients 

(16MND5 BM) 
 

A reliable determination of hydrogen diffusion coefficients is based on a sufficient 
correlation to the real temperature of the specimens. In other words, the suggested quasi-
isothermal degassing should be preferred as heating procedure. In Figure 5-128, the black 
line indicates the calculated hydrogen diffusion coefficients using method three  
(Equation 2-37 on page 66) exemplified for the 16MND5 BM. Nevertheless, the hydrogen 
diffusion coefficients could increase by half a magnitude if a changed calculation method is 
used (indicated by the red solid line) at elevated temperatures. In contrast, these values 
decreased if insufficient specimen heating was used (indicated by the red dashed line in 
Figure 5-128). This was presented in chapter 5.3.1 “Procedure for Accelerated Specimen 
Heating”. 
 
In addition, the relative scatter of the data was 1.5 magnitudes in case of the conducted 
permeation experiments (green vertical line in Figure 5-128). This is in accordance with the 
reported wide scatter of several dozens of references shown in [228,229]. In addition, this 
results in a specific scatterband for the examined LA concept. For example, scatterband is 
available for Cr-Mo steels [237,238] as well as for Mn-Mo-Ni steels [244-246]. This 
emphasizes that the determination of hydrogen diffusion coefficients should be discussed 
critically. Even if they are compared to each other (but derived from different references) the 
experimental boundary conditions should be scrutinized. 
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5.4 Hydrogen Solubility and Trapping (HSAT) 
This chapter summarizes the obtained results of the obtained hydrogen concentrations. For 
this purpose, the chapter is divided into HSAT values derived from the permeation 
experiments at ambient temperature of 25°C and the CGHE experiments at elevated 
temperatures. In addition, the activation energy for hydrogen trapping in a certain 
microstructure was calculated from the diffusion coefficients at elevated temperatures. It is 
emphasized that the next chapters describe the adsorbed HD via electrochemical/gas-
phase charging. They do not represent the possible maximum hydrogen solubility of the 
respective microstructures. 

 

5.4.1  HSAT of Permeation Experiments at Room Temperature 

5.4.1.1 Calculated HDss Compared to Measured HDss CGHE 

In general, two different methods were used for the evaluation of the hydrogen solubility of 
the permeation specimens: (I) analytical calculation of hydrogen solubility and (II) 
experimentally determined hydrogen solubility from CGHE experiments. 
 
(I) Analytical calculation of hydrogen solubility 
The first method was used to calculate the corresponding HD from the experimental data. 
Thus, the HD (i.e. an apparent solubility/“S”) was calculated. The experimentally determined 
permeability “P” in steady-state condition (i.e., the hydrogen flux “Jmax” or permeation 
current density “jmax”) was used in combination with the calculated diffusion coefficient “D”. 
As a result, the analytically calculated hydrogen solubility represents the sub-surface 
hydrogen concentration “HDss” close to the specimen surface at the entry side. The 
calculation of the apparent hydrogen solubility was conducted with the analogy of Equation 
5-37 and Equation 2-27. 
 

S	=
P
D

 Equation 5-37: Solubility “S” derived from permeability “P” 
and diffusion coefficient “D” 

HDss	=
ϕ
D

 Equation 5-38: Apparent sub-surface concentration 
(analogy to Equation 2-27) 

 
The corresponding sub-surface concentration “HDss” was calculated using either the time-
lag diffusion coefficient (“Dlag” - see Equation 5-39) or the inflection point diffusion coefficient  
(“DIP” - see Equation 5-40). In advance, the permeability “P” (or “ϕ”) was calculated in 
accordance to Equation 2-26 (on page 62). 
 

HDss lag	=
ϕ

Dlag
 Equation 5-39: Apparent sub-surface concentration derived 

from “Dlag” 

HDss IP	=
ϕ

DIP

Equation 5-40: Apparent sub-surface concentration with 
“DIP” 
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Both calculated hydrogen sub-surface concentrations “HDss lag” or “HDss IP” are given in the 
unit “mol/mm³”. For comparison to the measured hydrogen concentration “HDss CGHE” by 
CGHE, they had to be converted into the common unit of hydrogen in welding application 
(which is mostly “ml/100 g Fe” or “ppm,” as fixed in ISO 3690 [280]). This conversation 
procedure can be found in chapter 4.7.3 (see page 108). For example, this procedure was 
shown by Böllinghaus et al. [258]. 
 
(II) Experimentally measured hydrogen solubility by CGHE 
The second used method is the measurement by CGHE of the corresponding hydrogen 
concentration “HDss CGHE”. For this purpose, the permeation experiment was stopped after 
reaching the steady-state maximum flux (i.e., “Jmax” or the corresponding “imax”) and holding 
at certain time (minutes). Within a time of 30 s, the specimen was removed from the double-
cell, cleaned for 60 s in ethanol and finally dried in N2-flow. Subsequently, the specimen 
was inserted into collection chamber (glass tube) of the hydrogen analyzer. However, if the 
CGHE experiment has a certain time delay, the specimen can be stored in liquid nitrogen 
and defrosted later with the same procedure as applied for the tensile specimens. 
 
Nevertheless, the CGHE technique determines an average HD (“CCGHE”). The reason was 
the referring of the obtained hydrogen amount to the specimen weight. Hence, the 
averaged “CCGHE” has to be converted into an apparent “HDss” for the comparison with 
analytically calculated concentrations “HDss lag” or “HDss IP”. Thus, the ratio of the permeation 
volume (circle with 16 mm diameter, defined by the silicon rubber seals - and the specimen 
thickness of 0.5 mm) was referred to the entire specimen volume of 20 * 30 * 0.5 mm³ (flat 
sheet). This factor was approximately three and has to be used to determine the average 
concentration in this permeation volume. In addition, the linear concentration profile in the 
specimen in the steady-state condition is assumed in accordance to [254,256]. Owing to the 
mentioned assumptions, the corresponding sub-surface concentration “HDss CGHE”  
(in ml/100 g Fe) was calculated in accordance to Equation 5-41. 
 

HDss CGHE	=	2 * CCGHE
Equation 5-41: CGHE-measured sub-surface hydrogen 

concentration “HDss CGHE”  

 
As a result, Equation 5-41 allowed the comparison of the measured and analytically 
calculated sub-surface hydrogen concentrations. 
 
 
5.4.1.2 Hydrogen Solubility / Sub-surface Hydrogen Concentration HDss 

16MND5 BM and HAZ microstructures 
Figure 5-129 shows the calculated sub-surface concentration compared to the 
experimentally measured values of the investigated 16MND5 BM and HAZ microstructure 
condition. For comparison, the 20MND5 is additionally shown in the right column of the 
diagram in Figure 5-129. The orange lines in the diagram indicate the measured  
“HDss CGHE”. The calculated sub-surface hydrogen concentrations “HDss lag” and “HDss IP” 
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could be directly compared to the hydrogen concentration “HDss CGHE”, which was calculated 
from the measured “CCGHE”.	

 

 
Figure 5-129: Sub-surface concentration of 16MND5 microstructures and 20MND5 (analytically 

calculated concentrations “HDss lag” und “HDss IP” vs. measured sub-surface hydrogen 
concentration “HDss CGHE”) 

 
Both BMs 16MND5 and 20MND5 showed the expected similar hydrogen solubility due to 
their similar chemical composition. The achieved hydrogen concentrations are in 
accordance of those reported by Uhlemann et al. [178]. It is obvious that the HAZ 
microstructures had the highest measured solubility (i.e. sub-surface concentration) ranging 
from 7.2 ml/100 g Fe to 11.2 ml/100 g Fe. In contrast, the base materials had  
1.6 ml/100 g Fe (16MND5) and 2.2 ml/100 g Fe (20MND5). This means the 16MND5 BM 
showed a significantly (five to seven times) decreased “HDss” compared to 16MND5 HAZ 
microstructures. Both FHAZ microstructures showed slightly increased solubility compared 
to the CHAZ microstructures. This was independent in terms of martensite or bainite due to 
the similar measured values of 11.0 ml/100 g Fe (bainitic) and 11.2 ml/100 g (martensitic) 
FHAZ compared to 7.2 ml/100 g Fe (bainitic) and 7.8 ml/100 g Fe (martensitic) CHAZ. This 
suggests that a distinct refined or coarse grain structure had a more intensified effect on the 
hydrogen solubility compared to the martensite or bainite microstructure. It can be 
concluded, that the hydrogen solubility of the “as-quenched” HAZ was remarkably 
increased compared to the (tempered) BM. Hence, the increasing solubility has to be 
attributed to an increasing number of traps, which are also responsible for the delayed 
diffusion process in the HAZ microstructures (as indicated in chapter 5.2.2). 
 
T24 BM, HAZ microstructures and WM 
The T24 microstructures showed a similar behavior compared to the 16MND5 steel. The 
HAZ microstructures showed an increased measured “HDss” as well as the WM in as-
welded condition. The typical difference in the different solubility of Cr-Mo and Cr-Mo-V 



5.4 Solubility and Trapping 

215 

grades was also identified. Figure 5-130 shows the obtained values of the calculated and 
measured hydrogen sub-surface concentration. 
 

 
Figure 5-130: Sub-surface concentrations of T24 microstructures and T22 (analytically calculated 

concentrations “HDss lag” und “HDss IP” vs. measured sub-surface hydrogen concentration 
“HDss CGHE”); T24 BM was derived from [338]; CHAZ and WM derived from [320] 

 
The T24 FHAZ showed the highest achieved hydrogen sub-surface concentration with the 
applied charging parameters (approximately 15.0 ml/100 g Fe). The CHAZ showed a 
comparable measured sub-surface hydrogen concentration of 13.0 ml/100 g Fe followed by 
the T24 WM with 10.6 ml/100 g Fe. The “as-quenched” HAZ microstructures and the as-
welded WM showed remarkably increased sub-surface hydrogen concentrations compared 
to the T24 BM and the T22 BM. This is attributed to an increased number of hydrogen 
traps. In accordance to Parvathavarthini et al. [247], hydrogen traps can be found in an 
increased number of dislocations due to the missing annealing in the “as-quenched”/as-
welded condition. Additionally, the increasing number of solute Cr, Mn or V atoms in the 
lattice has to be considered in the HAZ. Solute atoms may act as considerable hydrogen 
trap [68]. They can appear due to the dissolution of carbides in terms of their insufficient 
thermal stability if the peak temperature is above 1,000 (FHAZ) or 1,200°C (CHAZ). 
Nevertheless, the FHAZ showed the highest calculated “HDss” (approximately  
11 ml/100 g Fe in case of the 16MND5 FHAZ microstructures). In accordance to 
Böllinghaus et al. [229], increasing grain boundary volume (i.e., FHAZ compared to CHAZ) 
may increase the hydrogen solubility. But in accordance to Liu et al. [252], grain boundaries 
(as well as the grain size) cannot be separated as predominantly hydrogen trap if other 
effects appear at the same time like unavoidable dissolution of precipitates in the HAZ 
during welding. 
 
Finally, the T24 BM showed the well-known increased hydrogen solubility compared to 
conventional Cr-Mo steels grades (like the T22) due to the addition of V [237,241,243]. In 
case of the T24, the elements Ti and B (and their corresponding complex carbides) have to 
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be considered as additional hydrogen traps [239,240]. Nevertheless, the measured sub-
surface hydrogen concentration “HDss” in case Cr-Mo alloyed creep-resistant steels is 
higher compared to that of the 16MND5 and 20MND5. Hence, the assumptions for binary 
alloys made by Grabke et al. [222,223] were confirmed. Cr (as alloying element) was a 
hydrogen trap in terms of dissolved atoms (in solid solution) in the crystal lattice in case of 
the creep-resistant steels T24 and T22. 
 
This indicates the importance of the weld heat input in terms of varied hydrogen solubility. 
This increasing solubility is mostly attributed to an increasing number of hydrogen traps in 
the “as-quenched” HAZ microstructure compared to a defined heat treatment in case of a 
tempering [247,253]. Additionally, the complex chemical composition of the precipitates in a 
given steel grade (mostly carbides) and their corresponding distribution in the 
microstructure are responsible for increased hydrogen solubility [242,250]. 
 
 
5.4.1.3 Effect of Diffusion Coefficient and Hydrogen Charging Parameters on HDss 

Effect of calculated diffusion coefficients “Dlag” and “DIP” on “HDss” 
The analytically calculated sub-surface concentrations “HDss lag” and “HDss IP” showed a 
certain deviation referred to the measured “HDss”. This was indicated in the last chapters for 
the 16MND5 (Figure 5-129) and the T24 (Figure 5-130). The next paragraph shows the 
percentage values of the deviation of analytically calculated sub-surface hydrogen 
concentrations “HDss lag” and “HDss IP” compared to measured concentration with CGHE. 
Table 5-29 presents the deviation in case of the 16MND5 microstructures (and 20MND5 
BM). 
 
Table 5-29: Percentage deviation of analytically and measured “HDss” of 16MND5 BM and HAZ 

microstructures 

Microstructure 

Deviation in % (HDss CGHE = 100 %) 

HDss lag

HDss CGHE
 

HDss IP

HDss CGHE
 

16MND5 BM + 37 -19 

Bainitic CHAZ  + 44 + 7 

Martensitic CHAZ  + 14 - 9 

Bainitic FHAZ  + 57 + 4 

Martensitic FHAZ  + 41 -18 

20MND5 BM - 32 -41 

 
A diffusion coefficient calculated by “DIP” resulted in a better agreement compared to the 
experimentally determined sub-surface hydrogen concentration. In this case, the deviation 
of the ratio “DIP/HDss IP” was at least -19 % and maximum + 7 % compared to + 14 % and  
+ 57 % in case of the ratio “Dlag/HDss lag”. This is in accordance with the observations of 
Seeger [257] for super-martensitic stainless steels. Hence, the inflection point method (in 
accordance to Dresler and Frohberg [260]) is proposed for a realistic calculation of apparent 
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hydrogen diffusion coefficients. Nevertheless, both calculation methods showed deviations 
from the experimentally measured sub-surface concentration. Seeger attributed these 
deviations to trapping effects that change the concentration gradient from the assumed 
linear concentration profile in the specimen, which is in accordance to [254,255]. 
 
It can be ascertained that the analytical calculation of an “HDss” can be useful. But, this 
should be accompanied by independent hydrogen concentration measurements (i.e., by 
CGHE). For example, if a fictive time-lag derived “HDss” is applied and specimen damage 
occurs (like blistering), this value would be estimated as failure “critical” hydrogen 
concentration. With respect to Table 5-29, this HD would be misinterpreted in a range from 
40 % to 50 % compared to the realistic “HDss” measured with the CGHE. Hence, the 
analytically calculated (apparent) hydrogen sub-surface concentration could be 
underestimated in terms of a “sufficient” solubility for avoidance of hydrogen damages like 
blistering or cracking [358,359]. 
 
In accordance to the 16MND5, Table 5-30 lists the obtained values for the T24 BM, the 
HAZ microstructures and the WM. In addition, the values of the T22 BM are listed in the end 
of Table 5-30. 
 
Table 5-30: Percentage deviation of analytically and measured “HDss” of T24 BM, HAZ microstructures 

and WM (taken from [320]) 

Microstructure 

Deviation in % (HDss CGHE = 100 %) 

HDss lag

HDss CGHE
 

HDss IP

HDss CGHE
 

T24 BM - 5 - 49 

T24 CHAZ + 40 - 44 

T24 FHAZ + 2 - 17 

T24 WM (EC) - 2 - 30 

T22 BM - 38 - 52 

 
The T24 BM, HAZ and WM microstructure showed significant deviation of the analytically 
calculated sub-surface concentrations “HDss lag” and “HDss IP” compared to the measured 
concentration “HDss CGHE”. In contrast to the 16MND5, the T24 microstructures showed 
decreased deviation of the calculated and measured sub-surface concentrations in case of 
the “HDss lag”. In addition, the deviation of the “HDss IP” was remarkably increased for all T24 
microstructures compared to the time-lag method. 
 
Effect of charging current density on “HDss” (via calculated diffusion coefficients) 
Further investigation of the applied charging current densities revealed distinct deviation of 
calculated and measured sub-surface concentrations especially at low HD. For this 
purpose, selected examples of 16MND5 and 20MND5 BM grades were degassed. The 
results are shown in Figure 5-131 (16MDN5) and in Figure 5-132 (20MND5). The orange 
rhombs indicate the measured “HDss CGHE” compared to both the calculated “HDss lag” (black 
squares) and the “HDss IP” (green circles). 
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Figure 5-131: Influence of charging on 
“HDss CGHE” for 16MND5 BM 

 
Figure 5-132: Influence of charging on 

“HDss CGHE” for 20MND5 BM 
 
The increased charging current density resulted in both steels in decreased calculated sub-
surface hydrogen concentrations. This was independent of the used calculation method. 
Nevertheless, an apparent calculated sub-surface concentration was directly related to the 
applied diffusion coefficient (see Equation 5-37). In contrast to the calculated 
concentrations “HDss lag” or “HDss IP”, the measured sub-surface concentration “HDss CGHE” 
showed a slight increase in case of increased charging current density. For example, the 
20MND5 increased from 2.2 ml/100 g Fe to 2.7 ml/100 g “HDss IP” at 6 mA/cm². This 
corresponds to a deviation by factor 2.5 compared to the “HDss IP”. 
 
There was no obvious direct correlation between the deviation of the calculated and 
measured sub-surface concentration that entirely covered the influence of alloy composition 
concept and hydrogen charging parameters. For example in [358,359], the calculated sub-
surface hydrogen concentration was suggested as suitable maximum “safe” “HDss” value for 
avoidance of HAC/HIC in terms of surface defects (blisters) or inner material defects 
(cracks) during permeation experiments. Hence, such assessment factor should be 
discussed critically due to the distinct obtained differences in the calculated and measured 
hydrogen concentrations. In accordance to [243,257], it is strictly recommended to perform 
independent hydrogen measurements with the hydrogen charged permeation specimens 
after the test. Otherwise, the calculated sub-surface concentrations would be misleading in 
terms of safety assessment (i.e., the avoidance of HAC). 
 
A further cold working (by rolling) of a material had a remarkable influence on the “HDss”. 
Hence, an average HD (i.e. the solubility) calculated from the permeability and diffusion 
coefficient could be misinterpreted. For example, Weczera et al. [348] presented the cold 
working influence on a 22MnB5 elsewhere. A cold working ratio of 10 % and 50 % 
(reduction of initial thickness) resulted in an increase of the initially measured hydrogen 
concentration “HDss IP” of 5.5 ml/100 g Fe. If the thickness was reduced by 10 %, the 
measured solubility increased by approximately factor two and three in case of 50 % 
thickness reduction. This remarkably increased hydrogen trapping capability is mostly 
attributed to the remarkable increase of the dislocation density due to the cold  
working [360]. In contrast, the analytically calculated “HDss IP” remained nearly constant at 
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the initial value 2.6 ml/100 g Fe for all cold working ratios. Hence, it seems to be reasonable 
that dislocations are preferred reversible hydrogen traps in the examined T24. 
 
 
5.4.2 HSAT at Elevated Temperatures (CGHE Experiments with Coupled 

TCD in Temperature Range from 100°C to 400°C) 

The conducted CGHE experiments allowed the calculation of the total effused/desorbed 
hydrogen in addition to the diffusion coefficients. These hydrogen concentrations were 
determined by a two-step heating method with the CGHE analyzer G4 with coupled TCD. 
 
Step 1: 
Calculation of the effused “HD”, derived from the time and temperature dependent TCD 
signal / integral value at the desired holding temperature (corresponding to the HD of the 
experiment type shown in the chapter 5.3. This value is indicated by “HDeff I” in ml/100 g Fe. 
 
Step2: 
Calculation of the “residual” HD above the desired holding temperature (for example 
between 200°C and 900°C). This remaining HD was indicated by “HDeff II” in ml/100 g Fe in 
the diagrams given in the next chapters. 
 
Summarized, both values enabled the calculation of the total charged/absorbed hydrogen 
concentration “HDtot” (in accordance to Equation 5-42). 
 

HDtot = HDeff I + HDeff II 
Equation 5-42: Calculation of total charged hydrogen 

concentration “HDtot” 

 
The index “eff” represents the effective hydrogen concentration “HD” due to the limited solid 
extraction temperature of 900°C of the hydrogen analyzer. Hence, possible irreversibly 
trapped hydrogen above 900°C (case of step 2) was disregarded. Nonetheless, 900°C were 
assumed as sufficient maximum degassing temperature. Further melt extraction with the 
later installed G8 analyzer revealed hydrogen concentrations less than 0.2 ml/100 g Fe 
above 900°C. This concentration represents a hydrogen concentration, which was already 
trapped in the as-received BM grades. 
 
 
5.4.2.1 16MND5 BM and HAZ Microstructures 

In this chapter, the hydrogen solubility (i.e. the absorbed HD via charging) “HDeff I” is shown 
for the 16MND5 BM and HAZ microstructures. They have been derived from the quasi-
isothermal degassing experiments. Certain hydrogen trapping is represented by the value 
“HDeff II” in the diagrams. The data are given for the temperatures from 100°C to 400°C. 
Subsequently to these diagrams, the activation energy for hydrogen diffusion within this 
temperature range was calculated from the Arrhenius plots (in accordance to  
Equation 2-15). At first, Figure 5-133 shows the obtained temperature dependent hydrogen 
concentrations for the 16MND5 BM. The “HDeff I” is indicated by black colored squares, the 
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corresponding trapped hydrogen amount “HDeff II” is indicated by black circles. The 
summarized total hydrogen concentration “HDtot” (mean value) is indicated by the solid 
black line. 
 

 
Figure 5-133: HSAT of 16MND5 BM (100°C to 400°C) 
 
The effused hydrogen concentration “HDeff I” was nearly constant for the 16MND5 BM. The 
corresponding data scatter is indicated by the striped area, which indicates a relatively low 
data scatter. The obtained “trapped” hydrogen concentration above a particular holding 
temperature “HDeff II” (0.1 to 0.2 ml/100 g Fe) to 900°C was very low. Remarkable residual 
hydrogen trapping was not obtained (indicated the black colored open circles) in the entire 
examined temperature range. Hence, the examined minimum temperature of 100°C does 
not result in remarkable hydrogen trapping. This indicates that possible residual trapping 
effects must appear below this temperature. 
 
Hence, the character of these hydrogen traps in the 16MND5 was assumed as reversible. 
The overall charged hydrogen concentration “HDtot” was approximately 1.4 ml/100 g Fe. 
This corresponds to the work of Leblond et al. [244]. They assumed for Mn-Mo-Ni grade 
SA508 that hydrogen was (mostly) trapped reversibly independently of the dissolved 
hydrogen in the lattice. For example, possible reversible traps are carbides/precipitates (like 
Mo2C) or grain boundaries. 
 
A similar behavior was regarded for all “as-quenched” HAZ microstructures in terms of 
negligible residual hydrogen trapping. The next figures show the obtained values of “HDeff I” 
and “HDeff II” for the bainitic HAZ microstructures (CHAZ: Figure 5-134, FHAZ:  
Figure 5-135) and martensitic microstructures (CHAZ: Figure 5-136, FHAZ: Figure 5-137). 
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Figure 5-134: HSAT of 16MND5 Bainitic CHAZ 

(100°C to 400°C) 

 
Figure 5-135: HSAT of 16MND5 Bainitic FHAZ 

(100°C to 400°C) 

Figure 5-136: HSAT of 16MND5 Martensitic 
CHAZ (100°C to 400°C) 

 
Figure 5-137: HSAT of 16MND5 Martensitic 

FHAZ (100°C to 400°C) 
 
All HAZ microstructures showed significantly increased total hydrogen solubility “HDtot” 
compared to the 16MND5 BM. The HAZ microstructures were in a comparable range of  
4.6 ml/100 g Fe (bainitic CHAZ) to 5.9 ml/100 g Fe (martensitic FHAZ). Nevertheless, the 
bainitic FHAZ (Figure 5-135) showed a remarkably increased charged (and absorbed) HD. 
Further investigation showed that retained austenite as possible hydrogen trap could be 
excluded (by metallographic cross sections with defined etching and due to XRD 
measurements - typical austenite peak was missing). Additionally, retained austenite 
seemed to be negligible as further hydrogen trap due to the missing remarkable trapping at 
elevated temperatures [231]. Nonetheless, further investigations should be performed in the 
scope of sub-grain microstructures, for example with TEM.  
 
For example, Perez-Escobar et al. [231] reported temperatures of 400°C to 500 °C for 
hydrogen release from retained austenite in TRIP steels. All investigated microstructures 
did not show remarkable residual hydrogen trapping in the range from 100°C to 400°C. 
Only small hydrogen amounts between 0.1 ml/100 g Fe to 0.3 ml/100 g Fe were identified 
as residual. In general, the percentage ratio of this trapped hydrogen “HDeff II” was less 
than 4 % accounted to the total hydrogen concentration “HDtot”. The largest amount of 
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charged HD was reversibly trapped in the 16MND5 BM and HAZ microstructures. 
Additionally, an extraction temperature of 900°C could be applied for the degassing of the 
tensile specimens. Hence, the determined HD at this temperature  
(“HDeff I”) was assumed as the total hydrogen concentration “HDtot” involved in mechanical 
properties degradation. 
 
Wei and Tsuzaki [253] examined martensitic microstructures of Fe-0.2C alloys with different 
tempering conditions. Thermal desorption spectroscopy revealed main effusing peaks at 
temperature level of 140°C. Hence, certain hydrogen amounts are not trapped above this 
temperature. This is in accordance with the obtained data for the martensitic CHAZ and 
FHAZ. The reported beneficial effect of a tempering can be confirmed here in terms of 
decreasing hydrogen solubility. This was expressed by the generally increased hydrogen 
solubility of the as-quenched HAZ compared to the tempered 16MND5 BM. 
 
Perez-Escobar et al. [362] examined different steels with certain microstructures and 
showed that the hydrogen solubility of electrochemically charged 0.4 % carbon steel 
depends on a certain microstructure of the steel grades. They conclude that quenched 
martensite microstructure had an increased hydrogen trapping capability compared to a 
bainitic microstructure due to increased dislocation density and a “changed” carbide 
structure. Nevertheless, the main effusing hydrogen peak was around 100°C (no 
remarkable trapped hydrogen at higher temperatures). This was in agreement with the 
obtained data of the HD of the CGHE specimens (expect the FHAZ). 
 
Further data (encompassing the percentage ratios of the temperature dependent “HDeff I” 
compared to the total hydrogen concentration “HDtot” can be found in the annex. The 
16MND5 BM is shown in Table 13-1, the CHAZ (martensitic and bainitic) in Table 13-2 and 
the FHAZ (martensitic and bainitic) in Table 13-3 (all tables can be found on page 301) 
 
As a result of the last paragraphs, recommendations for the weld fabrication of 16MND5 
can be introduced. Independently of the cooling condition (i.e. martensite or bainite), a 
sufficient interpass or DHT temperature above 100°C would result in a significant reduction 
of possible hydrogen concentrations. Nevertheless, the holding time is directly related to the 
plate thickness of the weld joint. Further recommendations for consideration of the plate 
thickness can be found in [361]. 
 
 
Activation energy for the diffusion in the range of 100°C to 400°C (TCD) 
For the further evaluation of hydrogen traps, the activation energy for the hydrogen diffusion 
is calculated within the range of 100°C to 400°C. Figure 5-138 shows the Arrhenius-plots of 
the derived diffusion coefficients for the 16MND5 microstructures vs. the inverse absolute 
degassing temperature “T”. Table 5-31 shows the calculated activation energies from the 
presented data of corresponding Figure 5-138. 
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Figure 5-138: Arrhenius plots of 16MND5 BM and 

HAZ microstructures (100°C to 400°C) 

Table 5-31: Activation energy for hydrogen 
diffusion in 16MND5 
microstructures (100°C to 400°C) 

Micro-
structure 

EA in 
kJ/mol 

16MND5 
BM 7.25 

Bainitic 
CHAZ  7.79 

Martensitic 
CHAZ  9.47 

Bainitic 
FHAZ  11.30 

Martensitic 
FHAZ  9.52 

 

 
A close range was found for the exponential regression functions (indicated by the black 
and the colored lines). The correlation coefficients of all Arrhenius plots were above 97 %, 
indicating the high data quality of the calculated diffusion coefficients. The calculated “EA” 
was within a very close range between 7.25 kJ/mol and 9.52 kJ/mol (for all investigated 
microstructures). Only the bainitic FHAZ showed a slight deviation with 11.30 kJ/mol. 
Thermal desorption analysis (TDA) performed by Perez-Escobar et al. [231] showed a 
similar range of the determined activation energy for martensite, bainite and pearlite. In 
accordance to Pressouryre and Bernstein [215], hydrogen was weakly reversible trapped 
(EA ≤ 30 kJ/mol). Hence, these hydrogen traps are mostly punctual traps like dissolved 
atoms in the lattice like C, Ni, Mn, or Cr [214,216]. 
 
 
5.4.2.2 T24 BM, HAZ Microstructures and WM  

The next figures show the obtained temperature dependent HD and possible trapping in the 
T24 microstructures. The corresponding HD is indicated by “HDeff I” (black colored open 
squares) and corresponding trapped hydrogen amount “HDeff II” (open circles). 
 

Figure 5-139: HSAT of T24 BM [320] 
(100°C to 400°C) 

 
Figure 5-140: HSAT of T24 WM (EC) 

[320] (100°C to 400°C) 
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Figure 5-141: HSAT of T24 CHAZ [320] 
(100°C to 400°C) 

 
Figure 5-142: HSAT of T24 FHAZ 

(100°C to 400°C) 
 
In contrast to the 16MND5, the T24 BM (Figure 5-139) showed a slightly increased residual 
hydrogen trapping expressed by the hydrogen solubility “HDeff II” at 100°C of approximately 
0.5 ml/100 g Fe. This can be also seen by the decreasing “HDeff I” from 100°C to 200°C, 
which corresponds to a mean value “HDtot” from 3.0 ml/100 g to 3.5 ml/100 g. This behavior 
was similar for HAZ microstructures (CHAZ: Figure 5-141 and FHAZ: Figure 5-142). This 
indicates the influence of certain chemical composition in terms of the alloying of  
Cr [222,223], Ti and especially V [237,239,240]. 
 
The influence of the “as-quenched” condition was significant in terms of the CHAZ and the 
FHAZ indicated by the increased summarized hydrogen concentration (“HDtot” of the CHAZ 
with 6.0 ml/100 g Fe and even the FHAZ with 9.6 ml/100 g Fe). Additionally, the EC T24 
WM (Figure 5-140) showed residual trapping effects with decreased temperature. This was 
accompanied by a total achieved solubility “HDtot” of 3.2 ml/100 g Fe. This solubility was 
comparable to the T24 BM grade. Nevertheless, the increased trapping efficiency of the 
T24 microstructures has to be considered in case of welding up to 100°C. 
 
In other words, temperatures above 100°C may re-activate trapped hydrogen absorbed 
during previous manufacturing steps (like rolling or quenching). This means: 
 
 The risk of activating “trapped” hydrogen in multi-layer welds can be neglected as long 

as interlayer temperature or post-heating temperature is above 200°C. 
 A sufficient DHT should be applied with at least 200°C. In this case, the “residual 

hydrogen concentration” was less than 6 % for T24 all microstructures. 
 
The temperature range of 100°C to 200°C for remarkable hydrogen trapping was consistent 
with those values reported by Hoffmeister and Böllinghaus [21]. They concluded that the 
T24 BM and the “as-quenched” HAZ (peak temperature of 1,150°C) can suffer an increased 
risk for HASCC (hydrogen-assisted stress corrosion cracking) at a temperature level of 
200°C. Independent of necessary corrosion reactions that result in hydrogen generation (for 
example magnetite formation), an increased hydrogen absorption causes already occupied 
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hydrogen traps. Hence, a possible “virtual” crack critical HD could be achieved faster due to 
the already occupied trap sites (i.e. if the material is permanently charged). 
 
Nevertheless, remarkable hydrogen trapping did not appear above 200°C, independent 
from the microstructure. This is in accordance to the 16MND5 [231,362]. The mentioned 
percentage ratio of the effused hydrogen compared to the total hydrogen concentration 
“HDtot” can be found in the annex: T24 BM in Table 13-4, T24 HAZ in Table 13-5 and T24 
WM in Table 13-6 (all shown on page 302). 
 
Activation energy for diffusion in range from 100°C to 400°C 
Figure 5-143 shows the obtained Arrhenius plots of the different T24 microstructures and 
Table 5-32 shows the calculated activation energy for hydrogen diffusion in the range of 
100°C to 400°C. 
 

 
Figure 5-143: Arrhenius plots of T24 BM, HAZ and WM 

microstructure [320,338] (100°C to 400°C) 

Table 5-32: Activation energy for 
hydrogen diffusion in T24 
weld microstructures 
(100°C to 400°C) 

Micro-
structure 

EA in 
kJ/mol 

T24 
BM [320,338] 8.98 

T24 
CHAZ [320] 8.51 

T24 
FHAZ 9.21 

T24 
WM [320] 7.38 

 

 
The data in Figure 5-143 indicate that all calculated activation energies have been quite 
similar due to the similar slope of the (colored) regression lines of the Arrhenius plots. The 
calculated range of the activation energy was from 7.38 kJ/mol to 8.98 kJ/mol. Hence, 
hydrogen is weak (reversibly) trapped within this temperature range [214]. This is in 
accordance to the classification of hydrogen traps by Pressouryre and Bernstein [215], in 
case of “Ea” is ≤ 30 kJ/mol. Hence, hydrogen traps in this particular case are mostly 
punctual traps like dissolved Mn or Cr atoms in the lattice [214,216]. 
 
 
5.4.2.3 Influence of Hydrogen Charging Condition - EC vs. GC 

For the determination of realistic hydrogen input into the weld seam, specimens were 
hydrogen charged during TIG welding. This procedure was explained in chapter 4.3.2 (see 
page 97). The results of the gas-phase charged (GC with 5 % H2 in 95 % Ar) specimens are 
shown in Figure 5-144-a. The electrochemically charged specimens (EC) are shown in 
Figure 5-144-b. These data were taken from the reference [320]. 
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Figure 5-144: Charging procedure influence on trapped hydrogen in T24 WM (100°C to 400°C, in 

accordance to [320]): (a) GC charging with 5 % H2 in Ar, (b) EC charging 
 
The charging procedure itself had no remarkable and determinable effect on the hydrogen 
solubility within the examined range of 100°C to 400°C. The GC with 5 % H2 resulted in a 
total hydrogen concentration “HDtot” of 2.7 ml/100 g Fe (a). The GC with 2.5 % H2 resulted 
in a level of 1.5 ml/100 g Fe. This diagram is not shown here due to the equivalence c to 
the GC condition with 5 % H2. These similarities can be seen by interpreting the activation 
energy. The ranges are shown in the next paragraph. 
 
Activation energy for diffusion in range from 100°C to 400°C 
Figure 5-145 shows the obtained Arrhenius plots of the EC and both GC conditions (2.5 % 
and 5 % H2). In addition, Table 5-33 shows the calculated activation energy for the 
hydrogen diffusion for all examined charging conditions. 
 

 
Figure 5-145: Arrhenius plots of T24 WM depending on 

EC vs. GC charging [320] (100°C to 400°C) 

 
Table 5-33: Activation energy for 

hydrogen diffusion in T24 
WM vs. charging method 
[320] (100°C to 400°C) 

Micro-
structure 

EA in 
kJ/mol 

T24 WM EC 
- 7.38 

T24 WM GC 
2.5 % 9.80 

T24 WM GC 
5.0 % 9.45 

 

 
Both charging procedures (EC and GC) resulted in similar activation energy for hydrogen 
diffusion expressed by the similar numerical value of 7.38 kJ/mol for EC condition and 
(slightly increased) in case of GC with 9.80 kJ/mol (in case 2.5 % H2 + 97.5 % Ar) and  
9.45 kJ/mol (in case of 5 % H2 + 95 % Ar). Hence, the desorbing hydrogen was weakly (and 

a) b) 
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reversible) trapped in this temperature range. Possible hydrogen traps could be classified in 
accordance to [214,215]. As a result, GC charging did not change the hydrogen trap 
kinetics compared to EC condition. Nevertheless, hydrogen trapping is possible above 
400°C. Hence, further investigation is necessary. As a result, TDA with different linear 
heating rates will be applied in future work. 
 
Summarized, the experimental data suggested hydrogen trapping increased very strong 
below a particular temperature. In addition, this temperature was dependent on the 
chemical composition. These temperatures were the mentioned 100°C (16MND5) and 
200°C (T24). 
 
 
5.4.3 HSAT Derived from CGHE Experiments with Coupled MS for 

Temperatures ≤ 200°C 

5.4.3.1 Examples T24 BM and T22 BM 

In 2013/2014, the CGHE analyzer with coupled MS was installed. It enabled investigations 
within a temperature range from 25°C to 100°C or 200°C accompanied by significantly 
improved resolution for hydrogen detection. Figure 5-146 shows the data of the T24 BM 
grade compared to the T22 (Figure 5-147). The presented results have been taken from 
charging experiments under the supervision of the author and were derived from reference 
[328] to illustrate the possibilities of the used CGHE analyzer with coupled MS. 
 

 
Figure 5-146: Temperature dependent HSAT of 

T24 BM (T ≤ 200°C) [328] 

 
Figure 5-147: Temperature dependent HSAT of 

T22 BM (T ≤ 200°C) [328] 
 
For both cases, the residual hydrogen concentration “HDeff II” increased with decreasing 
temperature. A temperature range from 25°C to 125°C was identified in case of the T24 BM 
(Figure 5-146) and 25°C to 75°C for the T22 BM (Figure 5-147).  For example, the T24 BM 
grade showed an “HDeff II” of approximately 1.2 ml/100 g Fe at an ambient temperature of 
25°C. The T22 BM showed an “HDeff II” 0.5 ml/100 g Fe to 0.6 ml/100 g Fe at this 
temperature. This clearly demonstrates that chemical composition has major influence on 
HSAT at lower temperatures. Especially, the distinct increased maximum trapping 
temperature between 120°C and 200°C (in case of the T24) was an indicator for an 
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increased trapping efficiency. Hence, the addition of V, B or Ti (and their chemical 
compounds like carbides or carbon-nitrites) results in a distinct hydrogen trapping. For 
example,  
 
Nagao et al. [242] confirmed this behavior in case of V-rich and Ti-rich precipitates. 
Additionally, this supports the well-known difference of the hydrogen solubility of V-alloyed 
compared to V-free Cr-Mo steels. Generally, the hydrogen solubility of Cr-Mo-V steels was 
increased by factor two to three [58,243]. Hence, the obtained “HDtot” (T24 compared to 
T22) was in close agreement to this factor with the numerical value of two (T24:  
4.03 ml/100 g Fe and T22: 1.78 ml/100 g Fe). The determined hydrogen trapping behavior 
at 25°C (by MS) proposed a more detailed analysis at this temperature. T24 BM and T22 
BM specimens were electrochemically charged. Subsequently, they were degassed / aged 
at room temperature for different times of 2 h, 6 h, 10 h and 24 h. During these times, the 
specimens were stored in dry exsiccator atmosphere. 
 
After the necessary time elapsed, they were analyzed by MS at 900°C to determine the 
remaining residual hydrogen amount. Figure 5-148 shows the obtained results for the T24 
BM and T22 BM compared to the aging time in the range from 2 h to 24 h. 
 

 
Figure 5-148: Residual hydrogen (HDeff II) of T24 BM and T22 BM vs. aging time at 25°C [328] 
 
The Cr-Mo-V steel T24 BM showed remarkable residual trapped “HDeff II” even after 24 h 
indicated by a value of approximately 1.3 ml/100 g Fe. Hence, this hydrogen was assumed 
to be permanently trapped (“irreversible”) in the T24 at room temperature. This is in 
accordance with the work mentioned in [238]. In contrast, the T22 only showed reversible 
trapping expressed indicated by approximately 0.3 ml/100 g Fe at an elapsed 
aging/effusion time of 10 h. Hence, the “realistic” diffusion coefficients can be decreased 
compared to values obtained from the CGHE experiments with coupled MS. The reason is 
that the effusion rate becomes very low that even the MS cannot surely distinguish between 
the effusing hydrogen and the background emission, which is expressed by the base line 
during monitoring of the ion current. Hence, hydrogen diffusion coefficients at ambient 
temperature of 25°C are recommended to be investigated separately by permeation 
experiments. 
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Summarized, the application of the MS enabled very exact determination of hydrogen 
effusion even in very low amounts. As a result, the calculation of exact hydrogen diffusion 
coefficients was possible. The distinct increase of hydrogen trapping efficiency was 
indicated by the increasing “residual” hydrogen amount within the temperature range from 
25°C to 100°C. These findings have effect on recommendations for welding of  
Cr-Mo-V steels. For example, 200°C were recommended as maximum interpass 
temperature for multi-layer weld joints for the T24 [8,72,68]. If the temperature falls below 
this value certain hydrogen amounts can be trapped These amounts can be activated if a 
further heating is applied (for example a PWHT). In that case, trapped hydrogen may 
become diffusible again. Further diffusion into the HAZ causing a “crack critical” HD level 
would have to be considered in that special case. As a result, it is suggested to conduct 
further experiments to investigate the “low” temperature range (typically ≤ 100°C). 
 
 
5.4.3.2 Comparison of Activation Energy 

The calculated hydrogen diffusion coefficients of the MS experiments were used for 
calculation of the corresponding activation energy for hydrogen diffusion. The next figures 
summarize the Arrhenius plots of the calculated diffusion coefficients. In the figures, the MS 
results were compared those values derived from the TCD experiments. Figure 5-149 on 
the left shows the obtained values of the T24 BM grade. The TCD values were taken from 
[320] and the MS values from [328]. In addition, Figure 5-149 shows the MS diffusion 
coefficients of the T22 BM. In Figure 5-150 (on the right), selected experiments of the 
16MND5 BM and martensitic CHAZ are presented for comparison of both alloy composition 
concepts. 
 

 
Figure 5-149: Arrhenius plots of T24 BM 

(TCD and MS) 

 
Figure 5-150: Arrhenius plots of 16MND5 BM 

and martensitic CHAZ (TCD and 
MS) 

 
In Figure 5-149, the calculated diffusion coefficients of the T24 BM were in close agreement 
within the temperature range from 120°C to 400°C for both CGHE techniques (“TCD - 4” 
and “MS - G8”). This indicated the good reproducibility of the hydrogen measurement for 
both conditions: MS experiments (indicated by orange circles) and the TCD experiments 
(indicated by black squares) within this temperature range. Nevertheless, the application of 
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the MS enabled the determination of hydrogen effusion/degassing curves and calculation of 
hydrogen diffusion in a remarkable decreased temperature range within 25°C to 75 °C. The 
influence of the chemical composition (T24 vs. T22) was only regarded at temperature of 
25°C. The obtained different hydrogen diffusion coefficients were consequence of 
increasing trapping efficiency due V in case of the T24. In general, Cr-Mo and Cr-Mo-V 
alloyed steels should show remarkable differences in the calculated hydrogen diffusion 
coefficients at elevated temperatures [237,238]. This was in contrast to the last presented 
experimental results. Factors like surface roughness or HD gradients in the specimen could 
be excluded due to identical specimen machining and a homogenous hydrogen distribution. 
This was achieved by previous charging experiments for surveillance of the saturation 
conditions. Nonetheless, a possibility to explain the different calculated vs. reference values 
is the hydrogen charging procedure itself. As mentioned, hydrogen pre-charging instead of 
in-situ hydrogen charging can show different results (for example if high-temperature 
permeation behavior is compared to effusion behavior of cylindrical specimens). 
 
Further MS experiments with the 16MND5 had been conducted to exclude a possible 
influence of the chemical composition. Figure 5-150 shows the data of the 16MND5 BM 
(indicated by black squares) and the martensitic CHAZ (indicated by orange triangles). In 
this case, the temperature range from 25° to 75°C was examined due to the identified 
similarities of the MS compared to the TCD experiments. This was already shown for the 
T24 in Figure 5-149. A remarkable influence of the HAZ microstructure appeared within the 
temperature range from 25°C to 75°C. The martensitic “as-quenched” HAZ microstructure 
decreased the hydrogen diffusion coefficients by the assumed increase of the (reversible) 
hydrogen trapping. Independent of the complex precipitate formation kinetics in the HAZ, a 
microstructure influence was clearly visible in the lower temperature range. Hence, the 
application of the MS is proposed for further determination of low temperature diffusion 
coefficients in future.  
 
Additionally, the derived hydrogen diffusion coefficients enabled the calculation of the 
corresponding activation energies from the Arrhenius-plots. The calculated “EA” (in kJ/mol) 
is listed for all examined mentioned microstructures in Table 5-34.  
 
Table 5-34: Activation energy for hydrogen diffusion derived from CGHE experiments with coupled MS 

Microstructure T range in 
°C 

EA in 
kJ/mol 

T24 BM [328] 
25 - 50 48.8 

 50 - 120 12.8 
120 - 300   6.7 

T22 BM [328] 
25 - 50 18.1 
50 - 120 12.3 

120 - 300   8.4 
16MND5 BM   25 - 75 19.8 

16MND5 M CHAZ   25 - 75 29.2 

 
Above 100°C, the obtained values with the TCD were confirmed by the calculated activation 
energy in terms of the T24 BM (MS) experiments. The diffusion coefficients of the TCD 
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resulted in an average “EA” of 9 kJ/mol (as shown in Table 5-32 or [320]). Hence, the values 
of the MS experiments were slightly decreased (7 kJ/mol). Nevertheless, they have been in 
quite good agreement indicating that the hydrogen was trapped in weak and reversible 
condition. In case of T24, the strong hydrogen trapping efficiency of V (as solute atom and 
as a part of the chemical composition of precipitates) was shown by the calculated 
activation energy. Within the range of 25°C to 50°C, the calculated “EA” was  
48.8 kJ/mol compared to the 18.1 kJ/mol in case of T22 BM. Hence, the T24 BM was 
assumed to contain irreversible traps [214] like VC or TiC precipitates. This explained the 
determined residual hydrogen of approximately 1.5 ml/100 g Fe (Figure 5-148) after aging 
for 24 h. This behavior did not appear in case of the T22, which supports the assumption, 
that only reversible hydrogen trap sites appear in the T22. This intermediate temperature 
range from 50°C to 120°C was indicated for both grades by the calculated activation energy 
in the range of approximately 12.3 kJ/mol (T24) to 12.8 kJ/mol (T22). Only in this 
temperature range, reversible hydrogen trapping occurs [214]. 
 
Recently conducted degassing/desorbing experiments at 25°C indicated that residual 
hydrogen did not appear in the T24 HAZ microstructures. It is assumed that the dissolution 
of carbides or precipitates during austenization or the missing tempering (due to the as-
welded/as-quenched condition) had a remarkable effect. Hence, the HSAT phenomenon in 
the T24 grade is proposed to be very complex. In particular, these precipitates (carbides 
that contribute to the superior creep resistance) need further investigation in terms of their 
influence on hydrogen trapping in the HAZ. 
 
In case of the 16MND5, it can be ascertained that the “as-quenched” martensitic HAZ 
microstructure had increased activation energy of 29.2 kJ/mol compared to the 19.8 kJ/mol 
of the BM. As a result, increased hydrogen trapping is proposed in the HAZ. The reasons 
were assumed to be the changed carbides and the increasing number of solute atoms like 
Mn or Mo. Nevertheless, the hydrogen traps are mostly reversible (< 30 kJ/mol) in 
accordance to [214]. These findings were supported by the conducted aging experiments at 
room temperature with duration of 10 h (not shown in particular in this thesis). They 
confirmed that the majority of the hydrogen effused/desorbed in case of 16MND5 BM and 
martensitic HAZ within the mentioned 10 h. 
 
Quasi-isothermal MS experiments revealed additional information concerning the diffusion 
at lower temperatures and the particular influence of the chemical composition. Only in case 
of the T24 BM, a distinct irreversible hydrogen trapping occurred. Hence, MS experiments 
are suggested as useful tool for further identification and classification of possible hydrogen 
trapping. 
 
 
5.4.4 Summary of HSAT Experiments 

The HSAT was derived from EC charged permeation experiments and CGHE specimens. 
The corresponding HSAT was determined by CGHE experiments with coupled TCD or 
coupled MS. The findings enable the definition of certain main conclusions. 
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 The HD was generally higher for the “as-quenched” HAZ microstructures compared to 
the tempered BM. The hydrogen solubility was influenced by the assumed increased 
number of traps (carbides, dislocations, grain, size, etc.). The TCD investigations 
showed reversible hydrogen trapping within the temperature range of 100°C to 400°C. 
This was independent of the microstructure or the applied charging procedure (in 
terms of T24 WM). 

 The calculated sub-surface hydrogen concentration “HDss IP” or “HDss lag” of the 
permeation experiments showed increased deviation from the measured “HDss CGHE”. 
Hence, independent hydrogen measurements were necessary if a particular sub-
surface hydrogen concentration should be applied as assessment factor for a “safe” 
HD, at which a degradation or cracking cannot appear. 

 The calculated HD derived from the MS experiments indicated a strong increase of the 
trapping efficiency below a temperature from 100°C to 120°C. The addition of V 
caused a strong increase of the activation energy (T24 BM). A certain microstructure 
caused the same effect (for example if 16MND5 BM was compared to martensitic 
CHAZ). This indicated an increasing number of hydrogen traps in the microstructure 
and the delay of hydrogen diffusion. This is in close agreement with the obtained 
decreased diffusion coefficients. Hence, the influence of the chemical composition on 
hydrogen solubility is in competition with certain microstructure changes as in case of 
the HAZ caused by the thermal cycling during welding. 

 V-addition caused a remarkable trapping even at elevated temperatures between 
100°C and 200°C. In case of welding, a preheating and interpass-temperature used 
for the T24 should be close to temperature of 200°C or above. This is in accordance 
with the general recommendations for the welding of T24 [24,101,102]. Nevertheless, 
a DHT (especially in case of SAW) should be performed above this temperature. 
However, in case of DHT or PWHT, the occurrence of additional thermo-mechanical 
stresses has to be considered. In particular, components with high restraints (like 
water wall panels or thick-walled RPV components) have to be monitored during 
welding. Hence, the interpass and preheat temperatures have to be measured and 
controlled carefully in case of increased plate thickness due to the occurring 
temperature gradients. As a result of an insufficient control and monitoring, 
inappropriate heat-input or DHT holding temperatures can appear. 

 
These findings demonstrated that the requirements for welding fabrication are determined 
by several factors independent of the used material grade. Hence, it is necessary to train 
highly skilled welding personnel for the on-site weld fabrication of components like water 
wall panels for safe and reliable weld joints [13,14,105]. 
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6 Summary and Outlook 

The failured TIG tube-to-tube weld joints (see chapter 1) demonstrate the necessity of 
safety and reliability of welded components, in particular, in power plants. In general, LA 
bainitic steel grades are the state of the art in industrically welded components. Different 
weld microstructures occur in a weld joint of Mn-Mo-Ni and Cr-Mo-V LA bainitic steels. They 
are represented by the complex HAZ microstructures and the WM (see chapter 2.3). These 
microstructures have major influence on hydrogen-assisted degradation of mechanical 
properties and the hydrogen diffusion (see chapter 2.4). In the past, mostly BM grades had 
been in the scope of scientifc research on hydrogen-assisted degradation and hydrogen 
diffusion. 
 
Hence, the focus of this thesis was the hydrogen influenced degradation and corresponding 
diffusion in (particularly) weld microstructures. For this reason, two low-alloy (LA) concepts 
were invesitgated - 16MND5 for the Mn-Mo-Ni concept and the T24 for the Cr-Mo-V 
concept. Additional T24  WM specimen were investigated to contribute to mechanisms of 
the failured on-site TIG welded joints (see chapter 1). 
 
For the evaluation of hydrogen effect on the degradation, tensile tests with hydrogen free 
and hydrogen charged specimen were conducted. The diffusion characterstics were 
determined from permeation experiments and condcuted hydrogen degassing experiments 
at elevated temperatures. As shown in chapter 2.4.9, the hydrogen diffusion and solubility 
are connected with each other by certain trapping effects in the microstructure. However, 
they are disscussed together in the next conclusions. The results of degradation and 
diffusion characteristics were classified in two categories (I-II), which is in accordance to the 
list of short contents given in Table 5-1 (on page 118). Nevertheless, the definition of a third 
category (III) was necessary due to the identified influence of experimental boundary 
conditions on the results. Hence, the results are classified into three categories (I) to (III). In 
detail, these categories represent: 
 
Category (I): Degradation of mechanical properties in presence of hydrogen for each 

examined weld microstructure, 

Category (II): Hydrogen diffusion, trapping and derived solubility (HSAT) in the 
temperature range from 25°C to 400°C and 

Category (III): Influence of experimental boundary conditions and used calculation 
methods on hydrogen diffusion coefficients. 

 
Category (I): Mechanical properties and degradation susceptible microstructures 

1.) In general, the “as-quenched” HAZ microstructures showed increased susceptibility to 
certain degradation in presence of dissolved hydrogen compared to the tempered 
BM. This was expressed by the remarkable decrease of the ductility observed for all 
HAZ microstructures. This was independent of the Mn-Mo-Ni concept - 16MND5 
(Table 5-6) - or the Cr-Mo-V concept - T24 (Table 5-8). 

2.) The “as-quenched” (martensitic) CHAZ was identified in both 16MND5 and T24 as 
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the most susceptible microstructure for degradation (see HD ranges given in chapter 
5.1.2.5 and 5.1.3.4). This was expressed by significant brittle intergranular (IG) 
fracture topography. It appeared even at relatively low HD from 1 ml/100 g Fe to  
2 ml/100 g Fe in case of the 16MND5 martensitic CHAZ (for example: Figure 5-32-c 
on page 136). This means coarse grains and a hardened microstructure were 
important factors influencing the hydrogen-assisted degradation. In addition, the 
HAC-susceptibility of these weld microstructures increased in a comparable order. If 
possible, hard constituents in the microstructure should be avoided by tailored weld 
heat-input (or PWHT) with the consideration of the appearing HAZ microstructure. For 
example, the T24 WM (Figure 4-15) represented a very heterogeneous but well 
tempered microstructure (Figure 4-16) and the obtained degradation was the smallest 
of all microstructures. This was observed even at a high charged HD of 8 ml/100 g Fe 
and above (see chapter 5.1.3.3). Hence, the T24 WM is assumed to be minor 
involved in the overall degradation of the weld seam. The determined HD ranges for 
degradation of the different microstructures (16MND5 - Table 5-6 and T24 -  
Table 5-7) are assumed as useful assessment parameter for the prediction of 
degradation. As result, the HD degradation ranges encompass the combined effect of 
susceptible microstructure and local HD. 

3.) The determined degradation was expressed successfully by the envelope curves (see 
chapter 5.1.4.3 from beginning of page 157). These curves have been calculated for 
the first time in terms of LA bainitic (creep-resistant) steels. They allowed the 
consistent description of the hydrogen effect on degradation of the mechanical 
properties. Criteria for microstructure and hydrogen-affected degradation are now 
available for the investigated BM and weld microstructures of the 16MND5 and the 
T24. First numerical calculations were in progress using the obtained mechanical 
properties of the 16MND5 BM and martensitic CHAZ and confirmed the applicability. 
The aim was the establishment of a numerical cold cracking criterion for the common 
Implant-test [335,336]. This demonstrates the necessity of the determination of 
hydrogen-affected degradation for particular weld microstructures. 

4.) Notched tensile specimens (chapter 5.1.5) had been minor effective for the evaluation 
of microstructure effects on degradation. The reason was the increased stress 
concentration in the notch root. In case of the 16MND5, an intensified degradation 
behavior was identified only in case of the high-tensile strength bearing martensitic 
CHAZ. It was indicated by the increased slope of the regression function if the 
martensitic CHAZ (Figure 5-71) was compared to the BM (Figure 5-70). 

 
Category (II): Hydrogen diffusion, trapping and solubility 

5.) If regarding the BM grades, the chemical composition only had major influence on 
hydrogen diffusion at 25°C in case of the T24. As a result, the hydrogen diffusion was 
remarkably decreased compared to the T22 BM and the RPV BM grades. This was 
attributed to the well-known increased number of hydrogen traps in terms of 
precipitates in Cr-Mo-V steels (for example very fine precipitated  
V-carbides) [171,203,237,238]. 
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6.) In case of the HAZ (and the T24 WM) microstructures, hydrogen solubility was 
always increased compared to the BMs. This was accompanied by decreased 
hydrogen diffusion coefficients at room temperature (for example, 16MND5 in  
Figure 5-129 and T24 in Figure 5-130). The reason was the mentioned interaction of 
hydrogen with the traps. The increasing preference for hydrogen trapping in the HAZ 
was dependent on the complex microstructures of the HAZ, namely the dissolution of 
precipitates during welding and changed re-precipitation during cooling after welding 
as proposed in [197,246-249]. This was accompanied by different grain size in the 
HAZ microstructures. However, the permeation experiments with simulated 16MND5 
HAZ microstructures revealed that the predominantly phase (bainite/martensite) had 
minor influence on the hydrogen diffusion (coefficients in Table 5-24) compared to 
FHAZ or CHAZ influence. In addition, the hydrogen diffusion in the 16MND5 FHAZ 
was slightly decreased compared to the CHAZ.  However, the major impact was 
identified in terms of the heat treatment condition. In particular, the “as-quenched” 
(HAZ) compared to tempered (BM) condition had a considerable effect. Hence, 
additional tempering of the HAZ is assumed to advance the hydrogen diffusion and 
decrease the solubility in accordance to [247,253]. The obtained hydrogen diffusion 
coefficients of T24 BM, HAZ and WM were quite similar (Figure 5-130). This 
highlighted that the evaluation of hydrogen diffusion and trapping must consider the 
combined effect of the chemical composition, microstructure (FHAZ vs. CHAZ) and a 
particular heat treatment condition. 

7.) For hydrogen trapping (from 100°C to 400°C), the microstructure composition (i.e. 
bainite or martensite) was less important. All diffusion coefficients had been in a 
comparable range (given in chapter 5.3.2). As a result, the examined microstructures 
showed negligible residual “HDeff II” of maximum 5 % of the total charged hydrogen 
“HDtot” (see Table 13-1 to Table 13-6 in the annex). Only the T24 BM and FHAZ 
showed certain amounts of trapped hydrogen up to 24 % at 100°C (in case of the 
FHAZ). This demonstrates that for each material grade specific investigation is 
necessary if the microstructure (HAZ or BM), the alloy elements (like V) or a 
combination of both contribute to the hydrogen trapping (i.e. decreased diffusion 
coefficients). 

8.) The calculated activation energies supported the assumption of the minor efficiency 
of hydrogen traps on hydrogen diffusion at elevated temperatures. In the range from 
100°C to 400°C, all examined microstructures showed an activation energy in the 
range from 7 kJ/mol to 11 kJ/mol. In accordance to [214,215], hydrogen was trapped 
reversibly. Only in case of the T24 BM, distinct hydrogen trapping was confirmed by a 
value of 49 kJ/mol. This valued indicated permanently trapped hydrogen. This 
behavior was attributed to the well-known effect of V or Ti-rich precipitates, which act 
as strong hydrogen traps [203,242,243]. In addition, the MS experiments revealed 
remarkable hydrogen trapping below 120°C in case of the T24 (Figure 5-146). 
Hence, the temperature dependency of hydrogen trapping should be investigated 
further. 
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Category (III): Influence of experimental boundary conditions and calculation method 

9.) A simplified description of the microstructure influence on hydrogen diffusion could 
not be given due to the sensitivity of the permeation technique on its experimental 
conditions (chapter 5.2.5). For example, this was the case for varied charging current 
density mentioned in [235,265,267]. This effect was confirmed for all BM 
microstructures (16MND5 and 20MND5 in Table 5-18 - T24 and T22 in Table 5-19). 
Nevertheless, the influence of further boundary conditions should be considered like 
specimen thickness [233,234] or applied charging electrolyte [236,243]. Hence, a 
compromise of a defined charging current density vs. the microstructure influence 
had to be found. For that reason, it is proposed to conduct charging parameter 
experiments in advance to the permeation experiments. 

10.) The calculation method itself had influence on the hydrogen diffusion coefficient. In 
case of the permeation experiments, the time (“tlag”) or the slope (“ai”) of the 
permeation transient was used for calculation. For that purpose, the inflection point 
method [260] and the proposed modified time-lag method (chapter 5.2.6 and [353]) 
are recommended for calculation of apparent hydrogen diffusion coefficients. The 
main advantage was the decreased dependency on experimental boundary 
conditions. This was expressed by the indentified superposition (or incubation) time 
“ts” for hydrogen adsorption and build-up of “HDss” [256,260,355]. 

11.) As mentioned in [358,359], the calculated sub-surface hydrogen concentration is 
suggested as suitable “HDss” value for HAC avoidance, which is commonly expressed 
by surface defects like blistering (or internal cracks). Hence, such assessment factor 
should be discussed critically due to the obtained differences of the analytically 
calculated “HDss IP” or “HDss lag” compared to the measured “HDss CGHE”. In 
accordance to [243,257], it is strictly recommended to perform independent hydrogen 
measurements (for example with CGHE). Otherwise, the calculated “HDss” can be 
misleading in terms of safety assessment for HAC avoidance as described above. 
This is the case if a “virtual” calculated sub-surface concentration is regarded as 
“safe” due to missing defects in the specimen (like blisters). If this calculated 
hydrogen concentration predicts low values for HD, wrong and severe service 
conditions could be applied that result in an overload of the microstructure. In other 
words, an unexpected failure of the specimen could occur. In addition, the analytically 
calculated “HDss IP” or “HDss lag” cannot be applied directly for ranking the reliability of 
diffusion coefficients (if they are compared to a measured hydrogen concentration 
“HDss CGHE”). The reason is the obvious inconsistent deviation of these hydrogen 
concentrations depending on the microstructure (16MND5 in Table 5-29 and T24 in 
Table 5-30). 

12.) The obtained hydrogen effusion curves at elevated temperatures were influenced by 
the optimized heating procedure (Figure 5-107). As a result, distinct differences 
during hydrogen effusion occurred, which was accompanied by decreased “t0.5”-time 
after 50 % of the hydrogen has effused (Figure 5-110). Hence, the calculated 
diffusion coefficients were higher despite the general influence of the geometry  
(Table 2-19). This effect is an additional explanation of the wide spawn of diffusion 
data with decreasing temperature in accordance to [228,229]. If assessing the 
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hydrogen diffusion compared to a particular microstructure, it should be considered 
how these diffusion coefficients were calculated and which experimental boundary 
conditions had been applied. Otherwise, microstructure effects on hydrogen diffusion 
could be covered by the influence of experimental techniques (for example, this was 
shown in Figure 5-127). 

 
In addition, the performed CGHE experiments (with coupled MS) revealed an increasing 
temperature dependency of hydrogen trapping below 100°C to 120°C. This was expressed 
by the remarkably decreased diffusion below these temperatures. This behavior was 
successfully shown for the 16MND5 BM and martensitic CHAZ (Figure 5-150). In particular, 
it was confirmed for the V-added Cr-Mo grade T24 (Figure 5-149). In addition, only the 
T24 showed a residual trapped HD of 1.5 ml/100 g Fe at 25°C (Figure 5-147). As a result, 
the determined hydrogen concentrations of the tensile specimens (TCD at 900°C) should 
perhaps corrected by this value of residual trapped hydrogen. The reason is that only 
diffusible or reversible trapped hydrogen (“HD”) is regarded detrimental for the mechanical 
properties in contrast to irreversibly trapped hydrogen amounts. Currently, this question 
remains open if this additional hydrogen amount can result in an intensified degradation.  
 
Nonetheless, if a certain degradation of the mechanical properties was combined with the 
decreased diffusion coefficients, the HAZ microstructures had to be regarded as most 
susceptible microstructures in terms of time-delayed degradation (or HAC). This is 
expressed by remaining of hydrogen for extended periods in the HAZ compared to the BM. 
Independently of the increased HAZ hydrogen solubility, the range of degradation sensitive 
HD was decreased compared to the BM. This is very important for both: (1) delayed cold 
cracking after welding and (2) in terms of fossil-fired power plants (or petrochemical 
industries) if the components undergo flexible loads like alternating operational 
temperatures. In particular, the T24 BM and the examined T24 HAZ microstructures are 
related to the effect of time delayed hydrogen-assisted degradation/cracking due to the 
generally decreased diffusion coefficients. 
 
 
Application of data and outlook 

Further research is necessary with the focus on the application of the examined steel 
grades. In addition to power generation, these steel grades are widely used for additional 
purposes in petrochemical or chemical industry (like reactors, hydro-crackers or refineries) 
[171,203,237,238]. Hence, special focus is necessary on the hydrogen-assisted 
degradation and microstructure influence on hydrogen diffusion. This may influence an 
improved understanding of the degradation mechanisms as well as the HAC susceptibility 
of weld microstructures for both weld fabrication and later service conditions. Based on the 
present study, a choice of possible further research fields is proposed. 
 
1.) The obtained weld microstructure degradation criteria should be applied further in 

numerical models for the prediction of degradation (i.e. HAC) behavior. They can 
contribute to the assessment of the susceptibility of weld microstructures for certain 
HAC. For example, the degradation criteria could be implemented in a present 
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numerical model as proposed in [343] describing HAC of high-strength constructional 
steels in accordance to [363,364]. In addition, the obtained diffusion coefficients are 
useful for the realistic prediction of economical temperatures and necessary holding 
time for DHT procedures of weld joints [205,206,208-210]. 

2.) The hydrogen determination via MS enabled the advanced determination of 
temperature dependent hydrogen effusion and the corresponding HD. Hence, current 
standards for determination of hydrogen in welded structures (like ISO 3690 [280]) 
should be revised. 

3.) The heating condition had major influence in terms of rapid heating of the specimen 
to quasi-isothermal holding for hydrogen diffusion at elevated temperatures. Further 
investigations should be conducted with particular consideration of the heating 
condition. Experimental investigations with different heating conditions [320,328] and 
first numerical investigations [330] approved the necessity of controlled heating 
conditions considering different specimen geometries. In addition, these numerical 
investigations supported the experimentally obtained results of this thesis. 
Nevertheless, the suggested accelerated heating procedure was only valid for the IR-
furnaces of the used hydrogen analyzers. Hence, further heating concepts (like 
conductive or inductive heating) should be investigated. 

4.) Currently, experiments are conducted for the characterization of hydrogen trap 
kinetics that are microstructure dependent (T24 HAZ and WM accompanied by 
investigations for with T22). For this purpose, linear heating with different heating 
rates - TDA (thermal desorption analysis) was applied. In addition, high-strength 
automotive steels like the 22MnB5 (introduced in [287,353]) will be investigated. 

5.) Further experiments are necessary to verify the transferability of the presented 
experimental results of LA steels to alternative high-alloyed concepts and multi-phase 
microstructures. These experiments will be focused on advanced martensitic creep-
resistant steel grades like T/P92 (X7CrWMoVNb9-2) or modified T/P92-MARBN 
steels (Martensitic steel strengthened by Boron and MX Nitrides like 
X9CrWCoVNbBN9-3-3). In addition, high-alloyed stainless steels with austeno-ferritic 
microstructure (like duplex stainless steels) are assumed as further research field. 
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8 Abbreviations 

Abbreviation: Meaning: 

AFCEN French Association for Design, Construction and In-Service Inspection 
Rules for Nuclear Island Components 

AIDE Adsorption-induced dislocation emission 

ASME American Society of Mechanical Engineers 

bcc Body-centered cubic 

B Bainitic 

BM Base material 

BW Butt weld 

BWR Boiling water reactor 

CCT Continuous-cooling-transformation diagram 

CERT Constant extension rate test 

CF Cleavage fracture 

CHAZ Coarse grain heat affected zone 

CGHE Carrier gas hot extraction 

CLT Constant load test 

DD Deep dimples 

DBTT Ductile-brittle transition temperature 

DHT Dehydrogenation heat treatment 

DIN German Association for Standardization 

DS Shallow dimples 

EDX Energy dispersive X-ray diffraction 

EC Electrochemical charging 

ECS Electrochemical sensor 

EDM Electrical discharge machining 

EI Embrittlement index 

ERDA Elastic recoil (backscatter) diffraction analysis 

fcc Face-centered cubic 

F Ferritic 

FW Fillet weld 

GC Gas-phase charging 

GCG Gas chromatography 
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GTA Gas tungsten arc welding 

FHAZ Fine grain heat affected zone 

hcp Hexagonal close-packed 

HAC Hydrogen assisted cracking 

HAZ Heat affected zone 

HD Diffusible hydrogen concentration 

HE Hydrogen embrittlement 

HEDE Hydrogen enhanced decohesion 

HELP Hydrogen enhanced localized plasticity 

HRHT Hydrogen removal heat treatment 

HSAT Hydrogen solubility ant trapping 

GC Gas-phase charging 

GD-OES Glow discharge optical emission spectroscopy 

IR Infrared radiation 

LA Low-alloyed 

LC Lower envelope curve 

LCF Low cycle fatigue 

M Martensitic 

MARBN Martensitic steel strengthened by Boron and MX Nitrides 

MS Mass spectrometer 

MX Particle with defined chemical composition (M = metal and X = metalloid) 

NACE National Association of Corrosion Engineers) 

NIST National Institute of Standards and Technology 

NRA Nuclear reaction analysis 

OES Optical emission spectroscopy 

QCF Quasi cleavage fracture 

PA Flat position (for welding) 

PEM Proton exchange membrane 

PH Preheat 

PH I Preheat condition I 

PH II Preheat condition II 

PWR Pressurized water reactor 

PWHT Post weld heat treatment 
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RPV Reactor pressure vessel 

SAW Submerged arc welding 

(HA)SCC (Hydrogen assisted) Stress corrosion cracking 

SC Super critical 

SCE Saturated calomel electrode 

SMAW Shielded metal arc welding 

SEM Scanning electron microscope 

SSRT Slow strain rate test 

TCD Thermal conductivity device 

TDA Thermal desorption analysis 

TDS Thermal desorption spectroscopy 

TIG Tungsten inert gas welding 

TTC Time Temperature cycle 

UC Upper envelope curve 

USC Ultra super critical 

UTS Ultimate tensile strength 

VHE Vacuum hot extraction 

WM Weld metal 

XRD X-ray diffraction 

YS Yield strength 
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9 Unit Symbols 

(I) Latin Characters: 

Symbol: Unit: Description: 

A [%] Fracture strain 

A0 [mm²] Initial surface area - smooth specimen 

A0N [mm²] Initial surface area - notched specimen 

Ac1 [°C] Start temperature of austenite transformation 

ai [A/(mm²*s)] or 

[A/s] 

Slope of permeation current density at inflection point 

Slope of current at inflection point 

aiN IP [1/s] Normalized slope at inflection point 

C [ml/100 g Fe] or 

[ppm] 

Concentration (unspecified) 

CCGHE [ml/100 g Fe] Average measured hydrogen concentration with CGHE 

D [mm²/s] Diffusion coefficient (unspecified) 

D0 [mm²/s] Diffusion constant 

Db [mm²/s] Break-through method 

Dlag [mm²/s] Time-lag method diffusion coefficient 

Dlag mod [mm²/s] Modified time-lag method diffusion coefficient 

DIP [mm²/s] Inflection point method diffusion coefficient 

D(T) [mm²/s] Temperature dependent diffusion coefficient 

EA [kJ/mol] Activation energy for hydrogen diffusion 

F [C/mol] Faraday’s constant (96,485 C/mol) 

i [A/mm²] Permeation current density 

i(t) [A/mm²] Permeation current density at time t 

imax [A/mm²] Time-dependent permeation current density 

J(t) [mol/(mm²*s)] Time-dependent hydrogen flux 

Jmax [mol/(mm²*s)] Maximum hydrogen flux 

j [-] Hydrogen flux (unspecified volume rate per time) 

jmax [A/mm²] Maximum permeation current density 

HAb [-] Absorbed hydrogen 

HAd [-] Adsorbed hydrogen 

HD [ml/100 g Fe] Diffusible hydrogen concentration 
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HDCGHE [ml/100 g Fe] Average hydrogen concentration measured with CGHE 

HDeff I [ml/100 g Fe] Hydrogen concentration at isothermal degassing 

HDeff II [ml/100 g Fe] Hydrogen concentration at isothermal degassing at 
900°C 

HDss [ml/100 g Fe] Sub-surface hydrogen concentration 

HDss lag [ml/100 g Fe] Sub-surface hydrogen concentration calculated with 
Dlag 

HDss IP [ml/100 g Fe] Sub-surface hydrogen concentration calculated with DIP 

HDSS CGHE [ml/100 g Fe] Sub-surface hydrogen concentration calculated from 
CGHE experiments 

HDtot [ml/100 g Fe] Total hydrogen concentration 

L [mm] Permeation specimen thickness 

l [mm] Specimen length 

Kt [-] Stress concentration factor 

Mt [ml/100 g Fe] Time-dependent remaining hydrogen amount 

M0 [ml/100 g Fe] Initial hydrogen amount 

P [mol/mm*s] or 

[mol*mm/mm²*s] 

Permeability 

R [J/(mol*K) Universal gas constant (8,314 J/mol*K) 

Re [N/mm² or MPa] Pronounced YS 

Rm [N/mm² or MPa] UTS 

RmN [N/mm² or MPa] Notch root strength 

Rp0.2 [N/mm² or MPa] Non-pronounced YS 

r [mm] Specimen radius 

rv [mm] Virtual radius 

S [mol/mm³] or 

[ml(100 g Fe] 

Apparent hydrogen solubility 

T [°C] Relative temperature 

T [K] Absolute temperature 

TA [°C] Adjusted furnace analyzing temperature of quasi-
isothermal CGHE 

TP [°C] Peak temperature 

TPH [°C] Adjusted furnace preheat temperature of quasi-
isothermal CGHE 

TS [°C] Adjusted furnace analyzing temperature with MS 
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t [-] Time (unspecified) 

tlag [s] Time-lag time at 63 % of imax or Jmax 

tP [s] Time at TP 

tPH [s] Furnace preheat time of quasi-isothermal CGHE 

tlag mod [s] Modified time-lag time at 63 % of imax or Jmax 

ts [s] Superposition time 

t0.01 [s] Time at 1 % of imax or Jmax 

t0.5 [s] “Half-life” time at 50 % of imax or Jmax 

t8/5 [°C] Cooling time from 800°C to 500°C 

Z [%] Reduction of area 

ZN [%] Reduction of area - notched 

 
 
 
 
II Greek characters:

Symbol: Unit: Description: 
αn [-] Roots of Bessel’s function 

ε [-] True fracture strain 

λ [W/m*K] Thermal conductivity 

τ [-] Dimensionless time constant 

ρ [mm] Radial length (polar coordinate) 

φ [°] or 

[rad] 

Polar angle (polar coordinate) 

Ф [mol/mm*s] or 

[mol*mm/mm²*s] 

Permeability 
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Annex A: Fracture topographies 
Annex A-1: 20MND5 BM 

  

  

  

Figure 13-1: Fracture topography of 20MND5 BM 
- Center region: (a) Uncharged,(b) 
0.9 ml/100 g Fe, (c) 1.8 ml/100 g Fe 

Figure 13-2: Fracture topography of 20MND5 BM 
- Surface region: (a) Uncharged, (b) 
0.9 ml/100 g Fe, (c) 1.8 ml/100 g Fe 
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Annex A-2: T22 BM 

 

 

 

Figure 13-3: Fracture topography of T22 BM - 
Center region: (a) Uncharged, (b) 
1.3 ml/100 g Fe, (c) 2.1 ml/100 g 
Fe 

Figure 13-4: Fracture topography of T22 BM - 
Surface region: (a) Uncharged, (b) 
1.3 ml/100 g Fe, (c) 2.1 ml/100 g Fe 
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Annex A-3: T24 Martensitic FHAZ 

  

  

  

Figure 13-5: Fracture topography of T24 FHAZ- 
Center region: (a) Uncharged, (b) 
0.9 ml/100 g Fe, (c) 1.7 ml/100 g 
Fe 

Figure 13-6: Fracture topography of T24 FHAZ - 
Surface region: (a) Uncharged, (b) 
0.9 ml/100 g Fe, (c) 1.7 ml/100 g Fe 
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Figure 13-7: Fracture topography of T24 FHAZ 
- Center region: (a) 3.3 ml/100 g 
Fe, (b) 5.9 ml/100 g Fe 

Figure 13-8: Fracture topography of T24 FHAZ - 
Surface region: (a) 3.3 ml/100 g Fe, 
(b) 5.9 ml/100 g Fe 
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Annex A-4: 16MND5 BM - Notched specimens 

 

 

 

Figure 13-9: Fracture topography of 16MND5 
BM (notched) - Center region: (a) 
Uncharged, (b) 0.6 ml/100 g Fe, 
(c) 2.4 ml/100 g Fe 

Figure 13-10: Fracture topography of 16MND5 
BM (notched) - Surface region: (a) 
Uncharged, (b) 0.6 ml/100 g Fe, 
(c) 2.4 ml/100 g Fe 

b) 

QCF 

CF 

CF 

DS 

DD 

DS / CF 
DS / CF 

b) 

CF 

DD 

Inclusion 

QCF 

Inclusion 

c) 

a) 

c) 

a) 

20 µm 20 µm 

20 µm 20 µm 

50 µm 50 µm 



13 Annex 

296 BAM-Dissertationsreihe 

 
Annex A-5: 16MND5 Martensitic CHAZ - Notched specimens 

  

  

  

Figure 13-11: Fracture topography of 16MND5 
Mart. CHAZ (notched ) - Center 
region: (a) Uncharged, (b) 0.9 
ml/100 g Fe, (c) 1.7 ml/100 g Fe 

Figure 13-12: Fracture topography of 16MND5 
Mart. CHAZ (notched) - Surface 
region: (a) Uncharged, (b) 0.9 
ml/100 g Fe, (c) 1.7 ml/100 g Fe 
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Annex B: Envelope Curves 
Annex B-1: 16MND5 Martensitic CHAZ 

 
Figure 13-13: 16MND5 Martensitic CHAZ - Envelope curves of true strain “εb” 

 
Annex B-2: 16MND5 Martensitic FHAZ 

 
Figure 13-14: 16MND5 Martensitic FHAZ - Envelope curves of true strain “εb” 
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Annex B-3: 16MND5 Bainitic CHAZ 

 
Figure 13-15: 16MND5 Bainitic CHAZ - Envelope curves of true strain “εb 

 
Annex B-4: 16MND5 Bainitic FHAZ 

 
Figure 13-16: 16MND5 Bainitic FHAZ - Envelope curves of true strain “εb” 
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Annex B-5: T24 CHAZ 

 
Figure 13-17: T24 CHAZ - Envelope curves [341] of true strain “εb” 

 
Annex B-6: T24 FHAZ 

 
Figure 13-18: T24 FHAZ - Envelope curves of true strain “εb” 
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Annex B-7: T24 WM 

 
Figure 13-19: T24 WM - Envelope curves [341] of true strain “εb” 
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Annex C: Temperature Dependent HSAT Values in Range from 
100°C to 400°C (CGHE Experiments with TCD) 

 

Table 13-1: “HDeff I”, “HDeff II” and “HDtot” of 16MND5 BM 

Extraction 
temperature 

in °C 

Hydrogen concentration HD in ml/100 g HDeff	II
HDtot 

 

in % 
HDeff I HDeff II HDtot - - - 

16MND5 BM - 16MND5 - 
100 1.6 0.2 1.8 - - - 11 - 
200 1.6 0.1 1.7 - - - 6 - 
300 1.1 0.0 1.1 - - - 0 - 
400 1.2 0.0 1.2 - - - 0 - 

 
Table 13-2: “HDeff I”, “HDeff II” and “HDtot” of 16MND5 martensitic CHAZ and bainitic CHAZ 

Extraction 
temperature 

in °C 

Hydrogen concentration HD in ml/100 g HDeff II
HDtot 

 

in % 
HDeff I HDeff II HDtot HDeff I HDeff II HDtot 

M CHAZ B CHAZ M CHAZ B CHAZ 
100 6.0 0.1 6.1 4.6 0.2 4.8 2 4 
200 5.3 0.1 5.4 4.4 0.1 4.5 2 2 
300 6.1 0.1 6.2 4.3 0.2 4.5 2 2 
400 6.2 0.1 6.3 5.0 0.1 5.1 2 4 

 
Table 13-3: “HDeff I”, “HDeff II” and “HDtot” of 16MND5 martensitic CHAZ and bainitic FHAZ 

Extraction 
temperature 

in °C 

Hydrogen concentration HD in ml/100 g HDeff II
HDtot 

 

in % 
HDeff I HDeff II HDtot HDeff I HDeff II HDtot 

M FHAZ B FHAZ M FHAZ B FHAZ 
100 5.4 0.2 5.6 12.5 0.5 13.0 4 4 
200 5.7 0.2 5.9 12.1 0.3 12.4 3 3 
300 5.3 < 0.1 5.4 11.5 < 0.1 11.5 2 < 2 
400 5.4 0.0 5.4 11.5 < 0.1 11.5 < 1 < 1 

 

Table 13-4: “HDeff I”, “HDeff II” and “HDtot” of T24 BM [338] and WM [320] 

Extraction 
temperature 

in °C 

Hydrogen concentration HD in ml/100 g HDeff II
HDtot 

 

in % 
HDeff I HDeff II HDtot HDeff I HDeff II HDtot 

T24 BM T24 WM (EC) T24 BM T24 WM 
100 2.9 0.5 3.4 2.1 0.4 2.5 15 16 
200 3.4 0.2 3.6 3.1 0.4 3.5 5 11 
300 3.6 0.1 3.7 3.0 0.1 3.1 3 3 
400 3.6 0.1 3.7 3.4 0.1 3.5 3 3 
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Table 13-5: “HDeff I”, “HDeff II” and “HDtot” of T24 CHAZ [320] and FHAZ 

Extraction 
temperature 

in °C 

Hydrogen concentration HD in ml/100 g HDeff  II
HDtot 

 

in % 
HDeff I HDeff II HDtot HDeff I HDeff II HDtot 

T24 CHAZ [320] T24 FHAZ CHAZ FHAZ 
100 4.5 1.2 5.7 6.6 2.1 8.7 21 24 
200 5.0 1.1 6.6 9.3 1.7 11.0 17 15 
300 5.4 0.3 5.7 9.1 0.6 9.7   5   6 
400 5.8 0.2 6.0 8.3 0.4 8.7   3   5 

 
Table 13-6: “HDeff I”, “HDeff II” and “HDtot” of GC charged T24 WM I (2.5 % H2) and WM II (5 % H2) 

Extraction 
temperature 

in °C 

Hydrogen concentration HD in ml/100 g HDeff II
HDtot 

 

in % 
HDeff I HDeff II HDtot HDeff I HDeff II HDtot 

T24 WM I [320] 
(GC 2.5 % H2 in Ar) 

T24 WM II 
(GC 5 % H2 in Ar) 

T24WM 
I 

T24 WM 
II 

100 N/A N/A N/A 2.3 0.4 2.7 N/A 15 
200 1.5 0.1 1.5 2.6 0.1 2.7 2   4 
300 1.6 0.0 1.6 2.3 0.1 2.4 1   4 
400 1.3 0.0 1.3 2.6 0.0 2.6 1 <1 
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