
Vol.:(0123456789)1 3

https://doi.org/10.1007/s40194-021-01218-9

RESEARCH PAPER

Thickness and microstructure effect on hydrogen diffusion 
in creep‑resistant 9% Cr P92 steel and P91 weld metal

Michael Rhode1,2  · Tim Richter1 · Tobias Mente1 · Peter Mayr3 · Alexander Nitsche4

Received: 12 August 2021 / Accepted: 16 November 2021 
© The Author(s) 2021

Abstract
Martensitic 9% Cr steels like P91 and P92 show susceptibility to delayed hydrogen assisted cracking depending on their 
microstructure. In that connection, effective hydrogen diffusion coefficients are used to assess the possible time-delay. Limited 
data on room temperature diffusion coefficients reported in literature vary widely by several orders of magnitude (mostly 
attributed to variation in microstructure). Especially P91 weld metal diffusion coefficients are rare so far. For that reason, 
electrochemical permeation experiments had been conducted using P92 base metal and P91 weld metal (in as-welded and 
heat-treated condition) with different thicknesses. From the results obtained, diffusion coefficients were calculated using 
to different methods, time-lag, and inflection point. Results show that, despite microstructural effects, the sample thickness 
must be considered as it influences the calculated diffusion coefficients. Finally, the comparison of calculated and measured 
hydrogen concentrations (determined by carrier gas hot extraction) enables the identification of realistic diffusion coefficients.

Keywords Creep resisting materials · Diffusion · Hydrogen embrittlement · Weld metal

1 Introduction

Martensitic 9% Cr steels like P91 (X10CrMoVNb9-1) or 
P92 (X10CrWMoVNb9-2) are widely used for fossil or 
nuclear power plants due to their excellent creep and corro-
sion resistance [1, 2]. Due to worldwide efforts to eliminate 
 CO2 emissions completely, these materials are also becom-
ing increasingly important as structural materials for latent 

heat storage systems [3] or as candidate materials for future 
fusion reactor applications [4].

1.1  Welding of 9% Cr steels

Typically, fusion welding is carried out for component fab-
rication. The ferritic-martensitic microstructure demands 
careful welding fabrication [2]. The welding process of 
martensitic Cr steels itself is followed by a multi-step heat 
treatment procedure:

(1) After welding, the components are cooled down to a 
temperature around 80 °C to limit thermally induced 
stresses and to ensure a fully martensitic transforma-
tion. Subsequently, a hydrogen removal heat treatment 
(HRHT) or dehydrogenation heat treatment (DHT) 
is carried out, followed by cooling the joint to room 
temperature. It is essential for avoidance of hydrogen 
assisted cracking (HAC).

(2) Finally, the welded component is subjected to the post 
weld heat treatment (PWHT). It is performed at temper-
atures ≥ 700 °C [2, 5, 6] to reduce the welding residual 
stresses and to induce the desired metallurgical effects 
like partial dissolution of carbides and tempering of 
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martensite that typically improve the mechanical prop-
erties (toughness, i.e., higher fracture resistance.)

If HRHT/DHT is not applied (or done wrong in terms 
of insufficient holding time), HAC is a considerable risk 
[7–10], especially for thick section weld joints. HAC is a 
result of the interdependencies of three critical factors: cer-
tain hydrogen concentration coupled with a mechanical load 
within susceptible microstructure [11, 12] like the limited 
ductility of hardened martensite in P91/P92 weld joints 
(degradation of ductility and toughness) [8, 10, 13–15]. 
Hydrogen sources are numerous as are the countermeasures 
for avoidance of HAC in the welded joints. Those include 
in accordance with [16, 17], the “bake-out” of consumables 
before welding and a clean workpiece surface (no H-con-
taining contaminants like grease or condensates in case of 
on-site welding in humid atmosphere).

1.2  Hydrogen diffusion in 9% Cr steels

Hydrogen diffusion generally follows a temperature depend-
ency, see Eq. (1).

Temperature dependence of diffusion

where “D0” is a material-specific constant, “D” is the tem-
perature dependent diffusion coefficient, and the exponential 
factor is the Boltzmann factor with “EA” as activation energy 
for diffusion (in kJ/mol), “R” is the universal gas constant 
(8.3145 J/mol*K), and “T” is the absolute temperature in 
K. Diverse diffusion coefficients are available in literature 
for low alloyed Cr–Mo(-V) steels [10, 13, 18–21]. They are 
used, e.g., for DHT-recommendations (temperature and 
holding times [22–26]). Diffusion coefficients for 9% Cr 
steels are limited [10, 26–29] in particular for the weld metal 
(WM). Table 1 shows selected minimum and maximum dif-
fusion coefficients of low- and high-alloyed Cr–Mo steels.

(1)D = D0∗e
−

E
A

R ∗ T

Generally, the diffusion coefficients of low-alloyed 
Cr–Mo steels (like T/P22 or T/P24) are higher than those 
of the high-alloyed 9% Cr (like P91). This behavior is influ-
enced by the chemical composition, the heat-treatment 
condition, and the micro-structure [10, 27, 28]. Literature 
suggests contrary diffusion coefficients for a respective tem-
perature level. In accordance with Eq. (1), this behavior is 
confusing and demonstrates the necessity of reliable diffu-
sion coefficients. In [28], a deviation of one magnitude has 
already been reported for the same 9Cr-1Mo-steel in dif-
ferent heat treatment conditions. But this deviation is also 
influenced by experimental boundary conditions like the 
sample thickness [30, 31].

The focus of this study is the microstructure and heat 
treatment effect on hydrogen diffusion in P92 and P91 multi-
layer weld metal under consideration of the sample thick-
ness. For that purpose, electrochemical permeation experi-
ments were carried out, and the corresponding hydrogen 
diffusion coefficients and absorbed hydrogen concentration 
were calculated.

2  Materials and methods

2.1  Investigated materials and sample machining

Two different commercially available creep-resistant 9% 
Cr steels were investigated: (1) the base material (BM) 
section of a P92/X10CrWMoVNb9-2 steel tube (from 
VMT — former Vallourec and Mannesmann Tubes) with 
an inner diameter of 88.9 mm, a wall thickness of 17.5 mm, 
and a length of 150 mm, as seen in Fig. 1a. The BM in 
as-received condition was heat-treated by the following 
steps: normalization for 20 min at 1060 °C (air cooling) 
and tempering at 780 °C for 60 min (air cooling). The 
weld metal (WM) was made of multi-run welded P91/
X10CrMoVNb9-1. For welding, a rutile-basic flux cored 
wire electrode (Böhler C 9 MV Ti-FD [32]) was used and 
deposited on a 15-mm-thick S355 low-alloyed mild steel 

Table 1  Selected diffusion 
coefficients of high and low-
alloyed creep-resistant Cr–Mo 
steels compared to Cr–Mo(-V) 
steel grades, calculated by time-
lag method section 2.2)

*Gas phase charging with 1 bar, **not given, assumed

Grade Alloy concept in % Dmin in  10−5 
 mm2/s

Dmax in  10−5 
 mm2/s

Temp. in °C Ref

P22 2.25Cr-1Mo 1.6 3.0 25 [18]
T24 2.25Cr-1Mo-0.25 V 3.7 4.5 21 [13]
P91 9Cr-1Mo 0.1 0.4 25** [27]
Mod. P91 9Cr-1Mo-VNbN 2.6 - 25 [29]
P91 WM 9Cr-1Mo (as-welded) 0.1 0.2 21 [26]
P91 WM 9Cr-1Mo (PWHT) 0.4 0.8 21 [26]
Mod. P91 9Cr-0.9Mo-0.21 V* 0.1 0.3 30 [28]
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substrate, resulting in a pure weld metal bloc with 40 mm 
thickness, 60 mm width, and 160 mm length, as shown in 
Fig. 1c. This bloc was cut into two pieces. One part was 
left in the as-welded (AW) condition, while the other part 
was further subjected to PWHT condition (further details 
see welding experiment).

2.1.1  Chemical composition

The chemical composition (by optical emission spectroscopy 
— OES) of P92 base material (BM) and P91 (WM) is listed 
in Table 2. The nominal chemical composition of P92 BM 
is fixed in [33] and P91 WM in [34].

Fig. 1  P92 BM: (a) tube dimensions and (b) extracted samples; P91 WM bloc: (c) real bloc and (d) location of samples
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2.1.2  Microstructure and hardness

The P92 BM showed a typical tempered martensitic 
microstructure (see Fig. 2a). Etching was carried out with 
Kalling’s solution (micro etchant for martensitic stainless 
steels). The prior austenite grain boundaries are clearly vis-
ible. The micro hardness was 228 HV0.5 ± 5 HV0.5.

For the P91 WM, manual flux-cored welding (shielding 
gas 82% Ar and 18%  CO2) was used. The preheat tempera-
ture was 200 °C and the interpass temperature 280 °C. The 
WM bloc was cut into two pieces, each with a length of 
80 mm. The first part remained in the AW condition; the 
second part was subjected to the recommended PWHT at 
760 °C for 4 h [32, 34], see Fig. 1d. The aim was to get two 
different WM heat treatment conditions for the hydrogen 
diffusion experiments.

The P91 AW-WM (see Fig. 2b) is represented by a mar-
tensitic microstructure (needle-shape laths) with amounts of 
δ-Ferrite (identified by Lichtenegger-Bloech — LBII etch-
ant). The hardness in AW condition was 404 HV0.5 ± 27 
HV0.5. The P91 PWHT-WM microstructure (see Fig. 2c) 
changed to a tempered martensite, and the PWHT had a 
significant effect on the micro hardness (271 HV0.5 ± 7 
HV0.5). As widely accepted in literature, the microstruc-
ture is associated with precipitated MX-carbonitrides or 
 M23C6-carbides at the grain boundaries and martensite laths 
which coarsen during the PWHT [35]. For that reason, no 
detailed SEM/TEM-analysis was conducted.

2.1.3  Sample machining and preparation

All permeation samples were extracted by electrical dis-
charge machining (EDM) to avoid excessive surface defor-
mations of the samples. Therefore, the P92 BM samples 
were cut from the mentioned steel tube, while the P91 WM 
samples were extracted from the WM bloc. The thickness of 
the substrate plate (S355 mild steel) was 15 mm. To avoid 
dilution effects of substrate and P91 WM, the permeation 

samples had been extracted with a minimum distance of 
5 mm to the substrate/WM interface. In addition, the sam-
ple direction was chosen in accordance with the preferred 
hydrogen diffusion across the multi-layer weld metal. This 

Table 2  Composition of P92 
BM [33] and P91 WM [34] (in 
wt.-%, Fe—balance) compared 
to measured composition

Grade C Cr Mo V Si Nb
P92 BM [33] 0.13 9.50 0.60 0.25 0.50 0.09
P92 BM * 0.12 8.90 0.35 0.20 0.24 0.04
P91 WM [34] 0.13 10.5 1.20 0.30 0.50 0.10
P91 WM* 0.09 9.50 0.96 0.20 0.21 0.03
Grade Mn Ni W P S
P92 BM [33] 0.60 0.40 2.00 0.015 0.001
P92 BM* 0.50 0.12 2.01 0.007 0.005
P91 WM [34] 1.20 1.40 - 0.020 0.009
P91 WM* 0.80 1.40 - 0.009 0.007
* OES determination

Fig. 2  Microstructure: a P92 BM, P91 WM in b AW-condition, c 
PWHT-condition (760 °C for 4 h)
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case presents the typical hydrogen diffusion path from the 
WM into the BM via the heat-affected zone.

The locations for the sample extraction are shown in 
Fig. 1a (P92 BM) and Fig. 1d (P91 AW-WM and PWHT-
WM). The term “L” in Fig. 1 indicates the different sample 
thicknesses that had been investigated. For this purpose, 
thin membranes with 20 mm width and 25 mm length had 
been machined via EDM (see Fig. 1b and d). The EDM 
process also offers the advantage that the machined samples 
are virtually free of compressive stresses that could occur 
by mechanical milling of the samples. In addition, the com-
pressed region (high dislocation density) could influence the 
hydrogen diffusion process. Before each permeation experi-
ment, the respective specimen was ground with SiC 500 grit 
paper, rinsed in ethanol for 10 min and dried in inert nitro-
gen gas flow for 30 s. Three different sample thicknesses had 
been investigated for each material grade: L1 = 0.25 mm, 
L2 = 0.50 mm, and L3 = 0.90 mm (BM) and 1.00 mm (WM) 
respectively.

2.2  Permeation experiments and diffusion 
coefficients

2.2.1  Permeation experiment

For the permeation experiments, an electrochemical double 
cell was used in accordance with [36] as fixed in ISO 17081 
[37]. In general, the double-cell consists of a cathodic ( −) 
and anodic ( +) compartment, which is separated by a thin 
metallic membrane made from the material of interest. The 
experimental setup is shown in Fig. 3. All experiments were 
carried out at room temperature (approximately 22 °C).

The hydrogen is generated at the catholically ( −) polar-
ized side from an acidic electrolyte (0.1 M  H2SO4 com-
bined with 0.05 M  NaAsO2 as recombination poison, in 
accordance with [13]). During the experiment, the charg-
ing electrolyte was permanently purged by Ar gas bubbling 
for removal of oxygen. For hydrogen charging, galvano-
static charging current of 0.60 mA/cm2 was applied (by 
Galvanostat Wenking TG4 94, Bank Electronics). After 
adsorption and an absorption into the material, hydrogen 
diffuses through the specimen and desorbs at the anodic 
polarized exit side. The exit side was in potentiostatic 
mode with an applied potential of + 200 mV vs. Ag/AgCl 
electrode (Wenking Potentiostat TG97, Bank Electronics 
and reference electrode (RE) from Xylem SI Analytics. 
The working electrode (WE) was a Pt 1800 type from the 
same company for both anodic and cathodic compartments 
of the permeation cell. The electrolyte was an alkaline 
solution of 0.1 M NaOH. The effect is that the desorbing 
hydrogen ions  (H+) reduce the hydroxide ions (OH-) by 
electron transfer in accordance with Eq. (2).

Time dependent hydrogen flux

The electron transfer in Eq. (2) corresponds to the meas-
ured oxidation current (I in μA). Via the active hydrogen 
charged area (approx. 200  mm2), the oxidation current is 
transformed into a time-dependent permeation current den-
sity “i(t)” in A/mm2. Using the Faraday law, the hydrogen 
mass flux “J(t)” can be calculated, see Eq. (3) (in accord-
ance with [13, 36, 37]). However, “F” is the Faraday con-
stant 96,485.3 As/mol and “z” the number of transferred 
electrons (= 1). The typical permeation transient shows a 
sigmoid-like growth (S-shape curve) for time-dependent ris-
ing hydrogen flux. After finite time, the permeation current 
density reaches a maximum and steady-state level of the 
hydrogen mass flux “Jmax”. This value is used to calculate 
the so-called permeability “ϕ” (in mol/mm*s), see Eq. (4) 
and [13, 30, 31, 37]). The permeability corresponds to the 
maximum hydrogen flux across the specimen thickness “L”.

Time dependent hydrogen flux

Permeability

2.2.2  Calculation of diffusion coefficients

For further calculations, the permeation transient was fitted 
by a sigmoid growth function (Logistic5 fit, derived from 
the software Origin 2019). This fit function was used for 
continuous transient description of the permeation experi-
ment. Based on the fitted data, the time-lag method (Fig. 3b) 
and the inflection point method (Fig. 3c) were used for the 
calculation of the hydrogen diffusion coefficients. In both 
schematics, “tb” represents a breakthrough-time, which 
encompasses the time until first hydrogen is detected at the 
exit side. For practical implications this time, we determined 
this time at 1% of “imax”. The time is referred hereafter as 
“t0.01” and is calculated in accordance with Eq. (5). It repre-
sents a value of how fast hydrogen penetrates the membrane.

Definition of t0.01 time

The time-lag method (see Fig. 3b) uses a specific time 
“tlag” after 63% of the steady-state current density is reached 
[37]. The diffusion coefficient “Dlag” is calculated by Eq. (6). 
The inflection point method (Fig. 3c) interprets the specific 
slope (Eq. 7) of the permeation transient at its respective 
inflection point (IP). This “IP” is ideally reached at 24.42% 
of “imax” [38]. The corresponding diffusion coefficient “DIP 

(2)2H+ + 2OH− = 2H2O

(3)J(t) =
i(t)

z ∗ F

(4)� = Jmax ∗ L

(5)t0.01 = f (i) = t(0.01 ∗ imax)
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“ is calculated by Eq. (8). For both coefficients, “L” is the 
specimen thickness of L1, L2, or L3.

Time-lag diffusion coefficient

Slope at inflection point

Inflection point diffusion coefficient

2.3  Calculation of sub‑surface hydrogen 
concentration and determination of real 
absorbed hydrogen concentration

2.3.1  Analytical calculation of sub‑surface concentration

The sub-surface hydrogen concentration “HDSS,DX” is using 
the permeability “ � ” (see Eq. 4). The subscripted “DX” refers 
to the respective diffusion coefficient “Dlag” (Eq. 6) or “DIP” 
(Eq. 8). It is then calculated by Eq. (9) and given in mol/
mm3, whereas “DX” refers either “Dlag” or “DIP”.

Analytically calculated HDSS, DX

The “HDSS,DX” represents the apparent hydrogen solu-
bility of a material in terms of the corresponding absorbed 
hydrogen concentration from the charging electrolyte. For 
that purpose, a linear concentration profile in the sample 
is assumed in accordance with [36, 39]. Consequently, the 
anodic hydrogen detection cell must ensure a concentra-
tion of zero at the exit side. This presumed concentration 
is experimentally ensured by use of 0.1 M NaOH in the 
detection cell (oxidation of desorbing hydrogen atoms by 
 OH−) [36, 37]. Different analytically calculated “HDSS “ 
may result from the different diffusion coefficients (time-lag 
and inflection-point method).

(6)Dlag =
L2

6 ∗ tlag

(7)ai =
di

dt

(8)DIP =
0.04124 ∗ L2

0.2442 ∗ imax

∗ ai

(9)HDSS, DX =
�

DX

2.3.2  Real absorbed hydrogen concentration by CGHE

For selected samples with a thickness of 0.90 and 1.00 mm, 
the real absorbed hydrogen concentration was measured 
by carrier gas hot extraction (CGHE). In this case, a sam-
ple is heated by an external heat source in a semi-open 
chamber, which is permanently purged with carrier gas 
(typically  N2). This gas mixture is transferred to a detec-
tor and analyzed. In our study, the experimentally obtained 
hydrogen concentration/solubility was measured using a 
Bruker Elementals PHOENIX G4 with a coupled thermal 
conductivity detector (TCD). The basic principle of CGHE 
technique (including calibration) is reported elsewhere [13, 
40–42]. With the measured average hydrogen concentra-
tion “ C ” (in ml/100 g Fe), it is possible to calculate the 
apparent sub-surface hydrogen concentration “HDSS, CGHE”. 
The CGHE determines the hydrogen in the entire specimen 
(20 mm × 30 mm = 600  mm2 × corresponding thickness, see 
section 2.1). But the hydrogen charged area was only 200 
 mm2. If the entire sample surface is compared to the elec-
trochemical charged active area, a ratio of 3:1 occurs. This 
means that the measured hydrogen concentration must be 
corrected by factor 3.

Assuming a linear concentration profile in the sample, the 
“HDSS, CGHE” corresponds to twice the average concentration 
[43]. This value can be correlated to the analytically calcu-
lated sub-surface concentration “HDSS, DX” (see Eq. 9). The 
corresponding experimentally determined hydrogen concen-
tration is then calculated by Eq. (10).

Measured HDSS

In the following sections, the hydrogen concentration is 
given in ml/100 g Fe. This value is common in welding prac-
tice and refers to the amount of diffusible hydrogen within 
a deposited weld metal weight of 100 g Fe (i.e., steel) [44]. 
The corresponding “HDss” (in accordance with Eq. (9) in 
mol/mm3) is converted into ml/100 g Fe by Eq. (11):

Conversion of units

In that case, “VmH” corresponds to the molar volume of 
(atomic) hydrogen with 11,200 ml/mol H, and “V100 g Fe” is 
the specific volume of 100 g Fe at room temperature (P91 
and P92 steel have comparable density to pure iron) with 
approximately 12,800  mm3 [45].

(10)HDSS, CGHE = 2 ∗ C

(11)
HDSS, DX

[

ml

100g Fe

]

= HDSS, DX

[

mol

mm3

]

∗ VmH

[

ml

mol

]

∗ V100g Fe

[

mm3

100g Fe

]

Fig. 3  Permeation: a experimental setup [13, 36, 37], time dependent 
hydrogen mass flux: determination of b lag-time and c slope at inflec-
tion point [13, 26, 36, 38]

◂
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3  Results and discussion

3.1  Permeation transients

The following section presents the hydrogen permeation 
data for the sample thicknesses L1, L2, and L3 as well 
as the applied charging current densities. Figure 4 shows 
the obtained permeation transients for the P92 BM, while 

Fig. 5 shows the values for the P91 AW and PWHT-WM 
(0.50 mm values from [26]). The thickness L1, L2, and L3 
are abbreviated from “0.25” to “1.00”.

The obtained experimental data and the calculated values 
are summarized in Table 3 and encompass: the measured 
maximum permeation current density “imax”, the calculated 
permeability “ � ”, and the time “t0.01” until the first hydrogen 
were detected. The diffusion coefficients were calculated by 
the time-lag method (“Dlag

”, see Eq. 6) and the inflection 

Fig. 4  P92 BM: permeation 
data vs. sample thickness of 
0.25, 0.50, and 0.90 mm: a 
absolute data, b normalized data

Welding in the World (2022) 66:325–340332
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point method (“DIP”, see Eq. 8). All investigated materials 
enabled stable permeation experiments. Generally, it can be 
ascertained that:

• The increasing specimen thickness results in delayed 
hydrogen diffusion, which is characterized by the neces-
sary prolonged time to reach the steady-state condition.

• The data should be normalized to their respective maxi-
mum value and presented on logarithmic time scale. This 
allows the direct comparison of the slope of the experi-
ments and an easy assessment.

• In addition, the “imax” decreases with increasing speci-
men thickness. In that connection, the P91 multi-run 
weld metal showed approximately two times higher 
“imax” compared to the P92 BM.

3.2  Discussion of material, sample thickness, 
and calculation method effect on hydrogen 
diffusion coefficients

The next sections describe how the material conditions, sam-
ple thickness, and calculation method influence the hydrogen 
diffusion coefficient.

3.2.1  Effect of material and heat treatment condition

Table 3 shows the summarized data of the conducted experi-
ments for all investigated materials and their respective 
specimen thicknesses accompanied by the necessary data 
for the calculation of the diffusion coefficients. The effect 
of the material combines the individual contributions of the 
chemical composition, microstructure, and heat treatment 
condition. The material grade, i.e., the chemical composi-
tion, had a limited effect if the as-received (normalized and 
tempered) P92 BM is compared to the P91 PWHT-WM, as 
both materials have similar diffusion coefficients within the 
range of 10E-5  mm2/s.

Nonetheless, the P92 has low diffusion coefficients, which 
is attributed to the differences in the chemical composition 
(see Table 2). However, if only the P91 WM is considered, 
the most important influence is the heat treatment condition 
itself as the AW condition delays the hydrogen diffusion, 
showing the lowest hydrogen diffusion coefficients. This is 
indicated by the necessary prolonged lag-time “tlag” and the 
decreased permeability “ � ” (see Table 3) independently of 
the sample thickness.

Fig. 5  P91 WM: permeation data vs. sample thickness of 0.25, 0.50 
(from ref. [26]), and 1.00 mm: a absolute data, b normalized data of 
AW-WM and c absolute data, d normalized data of PWHT-WM

▸
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A prolonged hydrogen diffusion and lower permeabil-
ity at the same time (independently of the sample thick-
ness) is attributed to a higher number and efficiency of 
existing hydrogen traps in the P91 AW-WM compared to 
the tempered microstructures of the P92 BM and the P91 
PWTH-WM. The significant difference of hydrogen diffu-
sion in tempered P92 BM and the P91 WM subjected to 
PWHT is assumed to be a result of metallurgical effects 
like the reported annihilation of dislocations (and reduced 
density) [18] and formation and coarsening of the carbides 
like  M23C6 or MX [46–48] during PWHT. These effects 
decrease the number of possible hydrogen traps and con-
sequently increase the permeability and the calculated dif-
fusion coefficients. Nonetheless, contrary opinions can be 
found in literature on the effect of dislocations/precipitates 
on hydrogen diffusion in P91 WM. On the one hand, very 
fine dispersed carbides are assumed as the predominant 
hydrogen trap in 9% Cr WM in ref. [28], but on the other 
hand, it is assumed in ref. [27] that dislocations also repre-
sent a predominant trap. Hydrogen trapping is very complex 
in high alloy steels due to its complex microstructure (grain 
boundaries, grain boundary area or, retained austenite, etc.). 
These lattice defects are necessary and influence the material 
properties like the creep strength, but they also represent 
hydrogen traps. It currently remains open, which trap is the 
most effective.

3.2.2  Effect of sample thickness on diffusion coefficients

The effect of the sample thickness is obvious. With 
increasing sample thickness, “imax” decreases and the 
necessary time to reach “imax” significantly increases 
(Fig. 4a: P92 BM and Fig. 5a and c: P91 AW and PWHT-
WM). If the data is normalized to the corresponding spe-
cific maximum current density (imax = 1), the slope of the 

permeation transients can be directly compared (Figs. 4b 
and 5b and d). The normalized curves show comparable 
slopes for each respective sample thickness if plotted on 
logarithmic time scale. This indicates that the variation 
of the diffusion coefficients with sample thickness should 
be similar. The diffusion coefficients (values shown in 
Table 3) are plotted vs. sample thickness in Fig. 6.

It was shown that the sample thickness has a general 
effect on the calculated diffusion coefficients in terms of 
increasing diffusion coefficients with increasing sample 
thickness. But this is limited to a thickness of 0.50 mm. 
Above this value, the coefficients significantly increase 
in case of the P91 PWHT-WM. The P91 AW-WM had 
(more or less) constant hydrogen diffusion coefficients, 
independently of the sample thickness. This indicates 
that strong hydrogen trapping occurred (see section 3.3) 
in the material and possible adsorption effects at the sam-
ple surface are negligible. Ideally, the sample thickness 
should not significantly influence the calculated diffu-
sion coefficients. However, in case of “less-trapping” 
(fast hydrogen transport) materials like P92 BM and the 
P91 PWHT-WM, this does not appear to be true. The 
authors of [30, 31] confirmed this in their investiga-
tions (decreasing and delayed permeation transient with 
increasing specimen thickness in case of duplex stainless 
steel). As a result, the breakthrough time increased from 
minutes to hours [49].

If permeation data are used for DHT recommendations, 
they should be selected carefully. Nonetheless, it is obvi-
ous that the PWHT is beneficial for hydrogen diffusion. 
The WM in AW-condition is vice versa influenced by the 
delayed hydrogen diffusion (but this does not include any 
statement on a HAC susceptibility).

Table 3  Permeation data and calculated diffusion coefficients by time-lag and inflection point method (mean values of three experiments with 
standard deviation), values for 0.50 mm of P91 WM from ref. [26]

Material L imax ϕ t0.01 t0.63 ai Dlag DIP Dlag/DIP

mm 10−7 A/mm2 10−13 mol/
mm*s

s s 10−11 A/mm2*s 10−6  mm2/s 10−6  mm2/s -

P92 BM 0.25 0.86 ± 0.22 2.23 ± 0.57 1718 ± 264 7133 ± 1,474 1.39 ± 0.07 1.50 ± 0.29 1.67 ± 0.73 0.90
0.50 1.09 ± 0.22 5.66 ± 1.14 3983 ± 1230 6954 ± 2227 3.14 ± 0.14 6.45 ± 1.98 11.60 ± 3.47 0.56
0.90 0.43 ± 0.11 3.99 ± 1.05 12,044 ± 1802 19,170 ± 2941 0.44 ± 0.16 7.15 ± 1.03 13.97 ± 2.24 0.51

P91 AW-WM 0.25 2.63 ± 1.11 6.82 ± 2.87 3774 ± 411 7357 ± 1413 6.60 ± 3.64 1.45 ± 0.25 2.52 ± 0.79 0.58
0.50 0.87 ± 0.25 4.50 ± 1.31 12,700 ± 4405 21,476 ± 3386 5.91 ± 0.21 1.98 ± 0.34 2.89 ± 0.76 0.69
1.00 0.27 ± 0.07 2.74 ± 0.68 48,063 ± 711 136,550 ± 9829 0.024 ± 0.008 1.22 ± 0.08 1.50 ± 0.12 0.81

P91 PWHT-
WM

0.25 2.10 ± 0.62 5.43 ± 1.59 1284 ± 76 2680 ± 240 11.00 ± 2.01 3.90 ± 0.35 5.64 ± 0.64 0.69
0.50 1.57 ± 0.37 8.16 ± 1.91 4023 ± 2430 5013 ± 1175 5.03 ± 1.16 8.63 ± 2.07 13.53 ± 0.93 0.64
1.00 0.78 ± 0.14 8.73 ± 1.43 6344 ± 86 9933 ± 306 1.87 ± 0.28 16.80 ± 0.52 35.70 ± 0.26 0.47

Average: 0.65
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3.2.3  Effect of calculation method on diffusion coefficients

Both calculation methods result in different hydrogen diffu-
sion coefficients. The ratio of “Dlag/DIP” was between 0.47 
and 0.90, which corresponds to the mean value of 0.65 (for 
all thicknesses presented in Table 3). Thus, the calculated 
diffusion coefficient “DLag” is in average 1.5 times lower 
than “DIP”. In this regard, the time-lag method is a sim-
ple way to calculate diffusion coefficients as only the time 
“tlag” must be determined [36, 37]. Disadvantageous is that 
adsorption effects from the charging electrolyte (electro-
chemical-sample interface, surface roughness, coverage with 
hydrogen atoms) are included, which are expressed in the 
built-up of the stable adsorption layer for hydrogen and the 
necessary time for hydrogen to penetrate the entire sample 
thickness. For practical reasons, this value is determined at 
1% of the respective “imax” value (denotation: “t0.01” time, 
see Table 3) in contrast to the method proposed in [37] (by 
extrapolation of linear part of permeation transient).

The influence of the materials investigated, and sample 
thickness is shown in Fig. 7. The “t0.01” time is plotted in 
log. scale vs. the sample thickness. Exponential growth 
functions had been used as fits. It was ascertained that the 
breakthrough time “t0.01” strongly depends on the sample 
thickness and increases up to one magnitude. For example, 
the P92 BM shows a deviation from 1718s (sample thickness 
of 0.25 mm) compared to 12,044 s (thickness 0.90 mm, see 
Table 3). If the P91 AW-WM is considered, the additional 

microstructural influence is very important. In this case, the 
time for 0.25 mm with 3774 s increased to 48,063 s in case 
of 1.00 mm.

This conveys that the detected breakthrough time (until 
first hydrogen), strongly influences the calculated diffusion 
coefficient when an average time like “t0.63” is used, includ-
ing the breakthrough time (see Eq. 6) as in the case of “DLag” 
and is the reason for the exponential relationship between 
t0.01 and the thickness of the specimen (Fig. 7). They allow 
the transient definition of a microstructure dependent cor-
relation of breakthrough time and sample thickness and 
show that the conventional time-lag method is practicable 
but perhaps not precise. The deviation of both methods was 
for example also reported in [13, 26, 50, 51]. In contrast, 
the inflection point method mostly requires a mathematical 
approximation by sigmoidal fit function but allows exclud-
ing absorption effects as the slope and inflection point of the 
regression function are used and assessed [38].

Both methods resulted in comparable hydrogen diffu-
sion coefficients (within same magnitude of  10−5  mm2/s). 
But they have significant impact on the calculated apparent 
absorbed hydrogen concentration, which is presented in the 
next section.

3.3  Sub‑surface concentrations

The “HDSS” represents the apparent hydrogen solubil-
ity of a material in terms of the hydrogen concentration 

Fig. 6  Diffusion coefficients 
Dlag and DIP vs. sample thick-
ness
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close to the sample surface, for example absorbed from 
a charging electrolyte. It represents a virtual maximum 
concentration assuming a linear concentration profile in 
the sample and can be used for the assessment of hydro-
gen trapping efficiency.

The “HDSS” can be calculated from the experimen-
tal data shown in Table 3 and additionally measured via 
CGHE (by multiplying the measured mean concentration 
by factor 2). This allows the comparison of the different 
calculation methods to the real measured values indepen-
dently of the calculated diffusion coefficients.

3.3.1  Microstructure and sample thickness effects

Table 4 presents the analytically calculated sub-surface con-
centrations (in accordance with Eq. 9).

In Table 4, three interesting results concerning the calcu-
lated sub-surface concentration are shown: the microstruc-
ture (case 1): the P91 AW-WM had the highest concentra-
tions, the sample thickness (case 2) has significant effect as 
well as (case 3) the applied calculation method.

For case 1, the already pointed out (section 3.2) higher 
number and efficiency of existing hydrogen traps in the P91 
AW-WM is assumed to be a combination of a high number 
of dislocations, their density, and less-coarsened precipitates 
than the tempered microstructures of the P92 BM and the 

Fig. 7  Breakthrough time “t0.01” 
dependent on material/micro-
structure and sample thickness

Table 4  Sub-surface 
concentrations calculated from 
permeation data using Dlag 
and DIP for different sample 
thickness

Material Thickness L 
in mm

HDSS,Lag in 
 10−7 mol/mm3

HDSS,Lag in 
ml/100 g Fe

HDSS,IP in 
 10−7 mol/mm3

HDSS,IP in 
ml/100 g Fe

P92 BM 0.25 1.49 21.3 1.45 20.8
0.50 0.90 12.9 0.50 7.2
0.90 0.71 10.2 0.31 4.4

P91 AW-WM 0.25 4.83 69.3 2.72 38.9
0.50 2.32 33.3 1.64 23.5
1.00 2.23 31.9 1.82 26.1

P91 PWHT-WM 0.25 1.41 20.3 0.99 14.1
0.50 0.95 13.6 0.61 8.7
1.00 0.52 7.5 0.25 3.5
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P91 PWTH-WM. The tempering decreases the number of 
possible hydrogen traps and consequently the calculated sub-
surface concentrations.

The sample thickness itself (case 2) had a remarkable 
effect on the calculated sub-surface concentrations. With 
increasing sample thickness, the sub-surface concentration 
virtually decreases. In case of the P91 AW-WM (0.25 mm 
sample thickness), it would be 69.3 ml/100 g Fe. In case of 
the doubled thickness (0.50 mm), this concentration would 
decrease to 33.3 ml/100 g Fe. This emphasizes that the cal-
culated sub-surface concentrations can be misleading in case 
of usage as value for the virtually maximum absorbed hydro-
gen concentration. In [52, 53], the calculated subsurface 
hydrogen concentration was suggested as maximum “safe” 
“HDSS” value for avoidance of HAC-related defects (blisters 
or cracks) during permeation experiments. Hence, if the cal-
culated sub-surface concentration is considered as maximum 
solubility of a given material, this value must be discussed 
critically. Otherwise, the calculated “HDSS” would be mis-
leading in terms of components vs. HAC susceptibility.

For case 3, the inflection point method resulted in higher 
diffusion coefficients compared to the time-lag method; the 
sub-surface concentration consequently increased. This dem-
onstrates that analytical calculations are necessarily neither 
right nor precise. Many different variables must be consid-
ered (like absorption kinetics at the hydrogen charging side 
of the sample that is exposed to the charging electrolyte). A 
possible method to identify realistic diffusion coefficients is 

to measure the real absorbed hydrogen concentration by the 
permeation sample during the experiment. This comparison 
is shown in the next section.

3.3.2  Comparison of calculated and measured HDSS

For selected samples of P92 BM (thickness 0.9 mm) and P91 
WM in both AW and PWHT condition (thickness 1.00 mm), 
the real absorbed hydrogen concentration during the permea-
tion experiments was investigated. For that purpose, Fig. 8 
shows the mean values of two sub-surface hydrogen concen-
tration obtained by CGHE (Eq. 10) and compares them to 
the calculated values (see Table 4, in accordance with Eq. 9).

The diffusion coefficients (see Table 3) indicate signifi-
cant hydrogen trapping. Consequently, the CGHE-measured 
sub-surface hydrogen concentration was the highest in the 
P91 AW-WM with 18.4 ml/100 g Fe. In contrast, the P92 
BM and P91 PWHT-WM had comparable concentrations of 
4.6 and 5.2 ml/100 g Fe.

If the measured sub-surface concentration “HDSS, CGHE” 
is compared to the analytically calculated concentrations, 
it is obvious that the time-lag method always resulted in 
the highest concentration (“HDSS, Lag” was between 7.5 and 
31.9 ml/100 g Fe) compared to the inflection point method 
(“HDSS, IP” from 3.5 to 26.1 ml/100 g Fe). This corresponds 
to a deviation of approximately factor 2 and is mainly the 
result of the different hydrogen diffusion coefficients derived 
from both methods. Nevertheless, the inflection point 

Fig. 8  Measured sub-surface 
hydrogen concentration 
“HDSS, CGHE” vs. calculated 
concentrations “HDSS, Lag” and 
“HDSS, IP” (for sample thick-
ness: P92 BM = 0.90 mm, P91 
WM: 1.00 mm)
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method results (“HDSS, IP”) in a better accuracy to the real 
measured values “HDSS, CGHE”. As this general tendency was 
independent of the material and heat treatment condition, 
the inflection point method allows the calculation of more 
realistic sub-surface concentrations. Therefore, the “DIP” 
is assumed to be suitable describing the diffusion behavior 
in the investigated materials. One reason is that adsorption 
effects are neglected in case of “DIP” [38]. Although this 
method is not common, it is recommended as best-practice 
method for calculation of the sub-surface hydrogen concen-
tration “HDSS” [13, 50, 51]. This is particularly of interest 
when no hydrogen analyzer is available to compare the ana-
lytically calculated values to real measured values.

4  Conclusions

The focus of this study was to investigate the diffusion 
behavior in P92 base material and P91 multi-run weld 
metal in AW- and PWHT-condition. For that purpose, elec-
trochemical permeation experiments had been carried out 
using three different sample thicknesses. From these exper-
iments, the corresponding hydrogen diffusion coefficients 
were calculated by time-lag method [36, 37] and inflection 
point method [38]. Using the diffusion coefficients “DLag” 
and “DIP” and the permeability “ϕ”, the apparent absorbed 
sub-surface concentrations “HDSS, Lag” and “HDSS, IP” had 
been calculated. For selected samples, these concentrations 
were compared to the measured concentration (by CGHE). 
The following conclusion can be drawn:

• This study contributes with a series of realistic hydrogen 
diffusion coefficients for the assessment of diffusion and 
HAC susceptibility. In that connection, the P92 BM was 
investigated in such detail for the first time. In the nor-
malized and tempered (i.e., as-delivered) condition, the 
P92 BM displayed comparable diffusion characteristics 
to the P91 PWTH-WM. In contrast, the P91 AW-WM 
was characterized by delayed diffusion. In case of the 
AW-condition, the dislocations and their density are 
assumed dominant trap site.

• It still remains open if precipitates are attractive hydrogen 
traps in the AW-condition like the dislocations. This is 
because of the number and density of the precipitates 
(e.g.,  M23C6 and MX- precipitates) that are typically 
small compared to the number of dislocations. Nonethe-
less, due to the availability of these hydrogen diffusion 
coefficients, a calculation of diffusion time is now pos-
sible.

• In contrast to the diffusion theory, the effect of the thick-
ness on the permeation transients and diffusion coeffi-
cients was visible for all three investigated material con-
ditions. With increasing sample thickness, the maximum 

permeation current density, i.e., hydrogen flux, decreases 
and is significantly time-delayed compared to thinner 
samples. This is due to the increasing length of the dif-
fusion path and, hence, the number of hydrogen traps.

• A side-effect, which is present but not well-known, is 
the necessary consideration of the hydrogen adsorption 
reactions. This was expressed during the experiments by 
the so-called breakthrough time “t0.01”, which was sig-
nificantly dependent on the thickness and in particular 
on the material. In that connection, the P91 AW-WM 
already required approximately 13 h (1.00 mm thickness) 
compared to 1 h (0.25 mm thickness) to reach 1% of the 
maximum current density.

• As our study demonstrated a combined effect of sam-
ple thickness and microstructure must be anticipated, 
which was not known in advance for the P91 and P92 
steel grade family. For that reason, “exact” diffusion coef-
ficients are hard to identify as several boundary condi-
tions influence the calculation. In that connection, the 
corresponding HDSS are present for the first time in this 
study. It was clearly ascertained that the obtained diffu-
sion coefficients influence the “HDSS”.

• The comparison of analytically calculated and measured 
HDs for P92 and P91 is presented here for the first time. 
In that connection, the inflection point method is closer 
to the measured hydrogen concentration by CGHE. Thus, 
the “DIP” is recommended for use in permeation experi-
ments instead of time-lag method coefficient “Dlag” as 
recommended in [36, 37]. Based on our diffusion coef-
ficients, a clear recommendation for industrial practice is 
postulated vice-versa: the time-lag method and its “Dlag” 
underestimate the hydrogen diffusion. This “worst-case” 
scenario results in safe but long DHT dwell time for weld 
joints.

• The CGHE measurements for the P92 BM (0.90 mm 
sample thickness) and P91 WM (1.0 mm thickness) 
confirmed the assumption of increased trapping if 
hydrogen diffusion is delayed. The measured hydro-
gen concentration was the highest in the P91 AW-WM 
with approximately 18 ml/100 g Fe compared to 4 to 
5 ml/100 g Fe for the P92 BM and P91 AW WM. That 
also means AW multi-run weld metal of 9% Cr steels 
has a very high capability for hydrogen trapping before 
PWHT is conducted. Therefore, HAC is a considerable 
failure mechanism for 9% Cr steels if the DHT is not 
carried out.
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