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Abstract
Welded components of P91 9% Cr steel demand for careful welding fabrication with necessary post weld heat treatment
(PWHT). Before the PWHT, a hydrogen removal heat treatment is necessary for avoidance of hydrogen assisted cracking
(HAC). In this context, the microstructure and temperature-dependent hydrogen diffusion is important, and reliable diffusion
coefficients of P91 weld metal are rare. For that reason, the diffusion behavior of P91 multi-layer weld metal was investigated for
as-welded (AW) and PWHT condition by electrochemical permeation experiments at room temperature and carrier gas hot
extraction (CGHE) from 100 to 400 °C. Hydrogen diffusion coefficients were calculated, and the corresponding hydrogen
concentration was measured. It was ascertained that both heat treatment conditions show significant differences. At room
temperature the AW condition showed significant hydrogen trapping expressed by to seven times lower diffusion coefficients.
A preferred diffusion direction was found in perpendicular direction expressed by high permeability. The CGHE experiments
revealed lower diffusion coefficients for the AW condition up to 400 °C. In this context, a hydrogen concentration of approx-
imately 21ml/100 g was still trapped at 100 °C. For that reason, a certain HAC susceptibility of as-welded P91 weld metal cannot
be excluded, and hydrogen removal should be done before PWHT.
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1 Introduction

Creep-resistant 9% Cr steels like T/P91 (X10CrMoVNb9-1)
are widely used for conventional power generation in fossil

and nuclear power plants [1–3] and as structural materials for
latent heat storage systems [4], but are also candidate materials
for fusion reactor applications [5]. For component fabrication,
fusion welding is typically carried out. In this context, the
martensitic microstructure demands a careful welding fabrica-
tion [2, 3]. The welding process of martensitic Cr steels is
followed by a multi-step procedure. So-called hydrogen re-
moval heat treatment (HRHT) or dehydrogenation heat treat-
ment (DHT) is carried out first and is essential to avoid hy-
drogen assisted cracking, especially delayed cracking. It is
followed by cooling the weld joint to room temperature to
ensure martensitic transformation. Finally, the welded compo-
nent is subjected to the post weld heat treatment (PWHT),
which is done at temperatures above 650 °C (for reduction
of residual stresses, decrease of hardness, and improvement
of mechanical properties).

If the HRHT/DHT (or so-called soaking) is not applied,
wrong temperature or insufficient dwell time is used, hydro-
gen assisted cracking (HAC) of welded Cr-Mo steel joints can
appear directly after welding or during later application of the
component [6–9]. In general, HAC is a result of the interaction
of a crack-critical hydrogen concentration dissolved in a
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mechanically loaded and crack-susceptible microstructure
[10] [11]. In this context, 9% Cr steels are generally suscepti-
ble to HAC due to considerable amounts of martensite. The
hydrogen effect manifests in a significant degradation effect
on the ductility [7, 9, 12–14]. Hydrogen sources are typically
the weld consumable. For that reason, weld consumables
should already only contain reduced hydrogen levels. In ad-
dition, surface contaminants like oil or grease are considerable
hydrogen sources, and a clean workpiece surface before
welding is necessary [15] [16],.

2 Background on diffusion in creep-resistant
9% Cr steels

Various temperature-dependent diffusion coefficients are
available in literature. These can be used to give recommen-
dations on HRHT temperature or holding time like in [17–20]
and are especially useful in numerical calculations. In this
context, the necessary holding time for a given plate thickness
decreases with increasing temperature. The reason is the gen-
eral temperature dependency of the diffusion in solid-state
bodies, which can be expressed by Eq. 1. In this context, the
exponential factor is the so-called Boltzmann factor.

D ¼ D0*e−
EA
R*T ð1Þ

where D is the diffusion coefficient and D0 is a material-
specific constant, EA is the so-called activation energy for
diffusion (in kJ/mol), R is the universal gas constant (8.31
J/mol*K), and T is the absolute temperature in K.

HRHT- procedures must be economically efficient. This
means that temperature and holding time should only as high
as necessary. To estimate these necessary parameters, hydro-
gen diffusion coefficients are necessary for different tempera-
ture levels. In that connection, it is difficult to identify “reli-
able” diffusion coefficients from literature. For example,
Boellinghaus et al. [21] reported a range of three orders of
magnitude for ferritic and martensitic steels already at room
temperature. This behavior can be adopted for Cr-Mo creep-
resistant steels as well. A big variety of hydrogen diffusion
coefficients can be found in the literature for low alloyed Cr-
Mo and Cr-Mo-V steels [9, 12, 22–29]. In contrast, the num-
ber of diffusion coefficients for martensitic 9% Cr steels is
limited [9, 30–32]. Figure 1 shows a selection of diffusion
coefficients for low-alloyed bainitic Cr-Mo steels (black and
gray data) and for high-alloyed martensitic creep-resistant
steels like P91 or P92 (red data). The dashed lines are included
to emphasize the high temperature diffusion data.

In general, the diffusion coefficients of the low-alloyed Cr-
Mo are higher than the high-alloyed 9%Cr steels. This behav-
ior is influenced by the heat treatment condition and partially

due to the microstructure. Nonetheless, the chemical compo-
sition of the steel grades has a significant influence in terms of
low-alloyed or high-alloyed. In addition, contrary diffusion
coefficients can occur. For example, the coefficients of
Cheng et al. [25] are lower at 80 °C than the values reported
in [12, 24] at 25 °C. In accordance to Eq. 1, this behavior is
somewhat confusing. This shows the necessity of the determi-
nation of reliable diffusion coefficients. In accordance to [31],
hydrogen diffusion coefficients varied by factor ten for a 9Cr-
1Mo steel in different quenched and annealed condition. But
despite the undoubtable microstructure effect, experimental
boundary conditions like the sample thickness can influence
the calculation of the effective diffusion coefficient [33] [34].

The importance of reliable diffusion coefficients is demon-
strated by the averaged diffusion depth, i.e., the thickness of a
layer that hydrogen can penetrate within a given time. In terms
of welding, it allows an approximation which HRHT time is
necessary to decrease the hydrogen concentration [15]. This
HRHT time is connected to the diffusion coefficient at a given
HRHT temperature. There are different solutions and approx-
imations for diffusion problems, for example given in [35,
36]. In accordance to [35], it can be expressed by Eq. 2.

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4� D� t
p

ð2Þ

where X represents the averaged diffusion depth (or plate
thickness), D is the temperature-dependent diffusion coeffi-

cient (see Eq. 1), and t is the dwell time. If X is constant,
two different diffusion coefficients D1 and D2 for a constant
temperature lead after some simple mathematical transforma-
tions to Eq. 3, which is a equivalence condition between cer-
tain diffusion coeffcient and time.

D1*t1 ¼ D2*t2 ð3Þ

Fig. 1 Hydrogen diffusion coefficients in low- and high-alloyed Cr-Mo
creep-resistant steels [12, 23–26, 31, 32]
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Equation 3 shows the necessary diffusion coefficient
and time equivalence under the boundary condition of
constant temperature and plate thickness. If D1 is one
magnitude higher (10×) than D2, t1 must be 10-times
lower than t2. Hence, an increased diffusion coefficient
would lead to shorter diffusion time. Theoretical calcu-
lations showed that for the entire hydrogen removal, a
dwell time of 5 to 12 h is necessary for a given plate
thickness of 10 mm [15]. The different time is the result
of the applied lowest or highest diffusion coefficient at
200 °C. This must necessarily lead to inconsistencies.
With respect to real applications, this demonstrates the
economic impact of unnecessarily prolonged HRHT
time. It must be considered that the temperature is the
driving force for diffusion. Hence, reliable temperature-
dependent diffusion coefficients are essential for realistic
HRHT procedures.

For that reason, the focus of this study was to inves-
tigate the influence of microstructure and heat treatment
condition on hydrogen diffusion in 9% Cr steel weld
joints. For this purpose, a P91 multi-layer weld metal
was investigated. Two different techniques (permeation
and carrier gas hot extraction) were used to characterize
both the diffusion behavior and the hydrogen solubility.

3 Materials and methods

3.1 Weld metal production and sample machining

The chemical composition of the P91 weld metal (WM) was
measured by glow discharge optical emission spectroscopy
(GD-OES). The measured values are given in Table 1 and is
compared with the nominal chemical composition in accordance
to EN ISO 17634 [37].

The P91 weld metal specimens were extracted from a weld
metal bloc that was produced by manual multi-layer welding on
a S355 steel plate as shown in Fig. 2. The welding process was
gas metal arc welding (GMAW). A rutile-basic flux cored wire
electrode (Böhler C 9 MV Ti-FD type, specified in [38]) was
usedwith 82%Ar-based and 18%CO2-containing shielding gas.

The preheat temperature was 200 °C and interpass tempera-
ture was 280 °C. The applied welding parameters are the follow-
ing: wire feed speed 13m/min, welding current 250 to 270A, arc
voltage 25 to 27 V, welding speed approximately 30 to 40 cm/
min. The multi-layer welding was applied to manufacture pure
weld metal bloc with approximately 40-mm thickness, 60-mm
width, and 160-mm length. After welding, this bloc was cut into
two pieces with approximately 80-mm length. One part was in
“as-welded” (AW) condition, and the second part was subjected
further to post weld heat treatment (PWHT) at 760 °C for 4 h.
The aimwas to produce weldmetal samples in two different heat
treatment conditions for the hydrogen diffusion experiments:

& The first conditionwas the as-weldedmulti-layer weldmetal.
As shown in Fig. 3a, the AW condition is represented by a
martensitic microstructure (indicated by the needle shape–
like laths). The microhardness was relatively high at 404
HV0.5 ± 27. Some δ-ferrite has been identified by using
Lichtenegger and Bloch (LBIII) etchant. The ferrite amounts
did not affect the microhardness. Although, no further SEM/
TEM analysis was conducted, generally in P91 WM small-

Table 1 Measured chemical composition of P91 WM compared with
nominal composition in accordance to (values in wt.-%, Fe - balance)

Element C Cr Mo V

GD-OES 0.09 9.50 0.96 0.20

[37] 0.08 to 0.13 8.00 to 10.50 0.85 to 1.20 0.15 to 0.30

Element Nb Si Mn P+S

GD-OES 0.026 0.21 0.80 0.02

[37] Max. 0.100 Max. 0.50 Max. 1.20 Max. 0.03

Fig. 2 Weld metal bloc. (a) Real
bloc. (b) Schematic with
indication of (permeation) speci-
men direction
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sized MX particles (M = V, Nb and for example X = C) or
M23C6 carbides (M = Cr, Mo) can be typically found within
the grains, at grain boundaries and between martensite laths
[39].

& For the second condition, the weld metal was further sub-
jected to a PWHT in accordance to welding recommenda-
tions given in As shown in Fig. 3b, the microstructure
contained tempered martensite and amounts of ferrite
(which was not eliminated by PWHT). The tempering
influence was indicated by the significantly reduced mi-
crohardness (231 HV0.5 ± 7). In accordance to , it is
assumed that the precipitated MX particles or M23C6 car-
bides began to coarsen during PWHT.

Two different specimen types were machined for the dif-
ferent experiments:

& By wire erosion / EDM , thin membranes with 20 mm
width, 25 mm length, and thickness of 0.5 mm for the

permeation experiments. Before the experiments, the
specimens had been ground with SiC 500 grit paper.
Additionally, two different microstructure directions were
considered, i.e., within one layer and across different
layers (see Fig. 2). The aim was to investigate a preferred
diffusion direction, see section 3.2.

& By cutting and turning, cylindrical specimens for
the carrier gas hot extraction (CGHE). They had a
diameter of 3 mm and 20-mm length Due to the
limited amount of weld metal, they had only been
extracted in welding direction and ground before
electrochemical charging. For the charging proce-
dure, see section 3.3. For the electrochemical
charging, the samples had a circumferential notch
(depth 0.25 mm) at the end of one side to mount
a Pt wire (necessary for electrical connection to
the Galvanostat, see Fig. 4).

3.2 Hydrogen diffusion at room temperature
by permeation experiments

3.2.1 Permeation technique

For the permeation experiments, an electrochemical dou-
ble cell was used in accordance to [40] and described in
ISO 17081 [41]. In general, the double cell consists of a
cathodic (−) and anodic (+) compartment, which is sep-
arated by a thin metallic membrane. This membrane is
made from the material of interest (in our case the P91
weld metal). The permeation experiment setup is sche-
matically shown in Fig. 4a. Figure 4b shows the respec-
tive experimental setup for hydrogen charging of the
cylindrical samples (charging procedure details see sec-
tion 3.3)

The hydrogen is generated at the cathodic (−) polar-
ized side from an acidic electrolyte. For this purpose,
0.1 M H2SO4 in combination with 0.05 M NaAsO2

acted as recombination poison.The galvanostatic charg-
ing current was set to 0.60 mA/cm2. After absorption
into the material, hydrogen diffuses through the speci-
men and desorbs at the anodic (+ 200 mV vs. Ag/AgCl
reference electrode) polarized exit side. In this case,
0.1 M NaOH is used. The desorbing hydrogen ions
reduce the hydroxide ions (OH-). This electron transfer
corresponds to a current (I typically in μA), which is
measured. Via the active hydrogen charged area
(approx. 200 mm2), the current is transformed into a
current density “i” in A/mm2. Using Faraday’s law, it
can be converted to a time-dependent hydrogen mass
flux , in accordance to Eq. 4. In addition, the

Fig. 3 Weld metal microstructure. (a) AW. (b) PWHT 760 °C for 4 h
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permeability “ϕ” (in mol/mm × s) is calculated in ac-
cordance to Eq. 5. It is defined as the maximum hydro-
gen flux “Jmax” (or expressed as “imax”, the correspond-
ing maximum current density) across the specimen
thickness “L” . “F” is Faraday constant 96,485 As/mol
and “z” is the number of transferred electrons (= 1).

J tð Þ ¼
i tð Þ

z� F
ð4Þ

ϕ ¼ Jmax � L ð5Þ

The typical permeation transient is an S-shape curve (rising
hydrogen flux). This curve reaches a steady state condition in
finite time.

3.2.2 Calculation of diffusion coefficients

In our study, we used two different methods for calculation of
hydrogen diffusion coefficients at room temperature, namely, the
time-lag method (Fig. 5a) and the inflection point method (Fig.
5b). In both schematics, “tb” represents the breakthrough-time,
which encompasses the elapsed time until first hydrogen is
detected.

The time-lag method (Fig. 5a) demands the so-called time
tlag. It represents the elapsed time until 63% of maximum
current density “imax” (corresponding hydrogen flux “Jmax”)
is reached . The time-lag diffusion coefficient “Dlag” is calcu-
lated in accordance to Eq. 6.

The inflection point method (Fig. 5b) demands the calcu-
lation of the slope at the inflection point of the permeation
transient. In accordance to Eq. 7, this point is reached at
24.42 % of “imax” or “Jmax,” respectively [41]. The inflection

Fig. 5 Time-dependent hydrogen
mass flux. Determination of (a)
lag-time and (b) slope at inflec-
tion point, in accordance to [12,
40–42]

Fig. 4 Experimental setup for (a)
PT-experiments with hydrogen
charging and detection in accor-
dance to and (b) hydrogen charg-
ing of cylindrical samples for
CGHE experiments
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point diffusion coefficient “DIP“ is calculated by Eq. 8. “L”
represents the specimen thickness in mm.

Dlag ¼ L2

6� tlag
ð6Þ

ai ¼ di

dt
ð7Þ

DIP ¼ 0:04124� L2

0:2442� imax
� ai ð8Þ

3.3 Hydrogen diffusion and determination at elevated
temperatures by carrier gas hot extraction

3.3.1 Hydrogen charging

For the CGHE experiments, cylindrical samples were used.
The specimens were previously ground with SiC 500 grit
paper and then electrochemically charged in an electrolyte
with the same chemical composition that was used for the
permeation experiments (section 3.2). The samples were
charged in galvanostatic mode (constant charging current den-
sity) at 10 mA/cm2 for 48 h. This procedure minimized the
possible concentration gradient in the sample as charging for
24 h resulted in comparable hydrogen amounts. In contrast to
the permeation samples (one side is exposed to the charging
electrolyte), the cylindrical samples had been entirely im-
mersed in the charging electrolyte, as shown in Fig. 4b. The
sample acted as working electrode (WE). For the electrical
connection, a Pt wire was attached in the circumferential notch
and removed after charging. Pt1800 electrode (Schott
Instruments) was the counter electrode (CE).

3.3.2 Hydrogen determination

Hydrogen was detected at elevated temperatures by
interpreting the effused hydrogen. In this case, a sample is
heated by an external heat source in a semi-open chamber,
which is permanently purged with carrier gas. This gas mix-
ture is transferred to a detector. In our case, we used a CGHE-
analyzer JUWE H-mat 221/G4 PHOENIX from Bruker
Elementals AXS. This analyzer uses nitrogen as carrier gas
and determines hydrogen via thermal conductivity detector.
Further details can be found in [12, 43, 44].

3.3.3 Diffusion coefficients

The hydrogen diffusion coefficients were determined from
quasi-isothermal heating of the samples at 100, 200, 300,

and 400 °C by the use of an accelerated heating procedure.
The heating time to the desired extraction temperature should
be ideally zero as the hydrogen diffusion at constant extraction
temperature is of interest. For that reason, the heating method
encompasses the defined preheating of the infrared radiation
furnace of the CGHE analyzer. Only the furnace is preheated
for a defined time before the sample is inserted. After speci-
men insertion, the furnace decreases its temperature until the
extraction temperature is reached. This results in an accelerat-
ed sample heating to the desired isothermal extraction temper-
ature. Otherwise, the sample is heated too slow, and big ther-
mal gradients can occur. Thus, the hydrogen diffusion coeffi-
cient would be an average value for a big temperature range
with decreasing reliability. Further details on this heating pro-
cedure can be found in [12, 45].

For the calculation of the diffusion coefficients, the
time-dependent hydrogen desorption/effusion rate was
monitored and interpreted. The general procedure is
shown in Fig. 6. In this connection, the initial hydrogen
concentration “C0” corresponds to the integral value of
the blue curve.

The hydrogen analyzer operates with a step size of 0.2
s. The effused hydrogen amount during this time corre-
sponds to a specific integral value, which is continuously
subtracted from the total integral value (i.e., the hydrogen
concentration “C0”). The continuously reduced integral
value for each step represents the time-dependent concen-
tration “C(t)”. The plot of “C(t)/C0” vs time represents the
remaining hydrogen amount in the sample with “C0” as
initial value.

A typical procedure for calculation of hydrogen diffusion
coefficient is the use of the t0.5 time, which indicates the time
after 50% of the hydrogen effused from the sample [46–48],
i.e., 50% of the integral value of the blue curve. Using this t0.5
time, hydrogen diffusion coefficient can be calculated using
Eq. 9 [46]. In case of the used diameter of 3 mm (radius of 1.5
mm), this equation can be simplified to Eq. 10:

D ¼ 0:064� r2

t0:5
ð9Þ

D ¼ 0:144 mm2ð Þ
t0:5

ð10Þ

where D is the diffusion coefficient in mm2/s, r is the sample
radius in mm, and t0.5 in second. Due to the limited amount of
available weldmetal, a set of two samples was investigated for
each temperature level.

3.3.4 Temperature-dependent hydrogen concentrations

The corresponding total hydrogen concentration in the sam-
ples was calculated via the automated integration of the
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effusing hydrogen amount (rate) per time and the use of a
predetermined calibration factor by the G4 Phoenix. This val-
ue is divided by the specimen weight for the calculation of the
HD in ml/100 g Fe in accordance to ISO 3690 [49]. In our
case, “HDI” represents the desorbing hydrogen amount (see
blue line in Fig. 6) at the respective isothermal degassing
temperature of 100, 200, 300, or 400 °C. The remaining con-
centration “HDII” is determined by heating the already
degassed sample again to a temperature of 900 °C. The sum
of both is then “HDtot”, the total hydrogen concentration.

4 Results and discussion

The results are divided into three parts. Section 4.1 shows the
permeation experiments at room temperature, section 4.2 shows
the hydrogen diffusion from 100 to 400 °C, and section 4.3
presents the hydrogen solubility and trapping for the respective
temperature range.

4.1 Hydrogen diffusion at room
temperature—influence of PWHT and diffusion
direction

Five experiments had been conducted for each heat treatment
condition: three for perpendicular direction (labeled with I, II,
III in Fig. 7) and two for longitudinal direction (labeled with
IV, V in Fig. 7). The upper part of Fig. 7 shows the data for the
perpendicular direction: part (a) shows the absolute current den-
sity in mA/cm2 (a). Part (b) shows the respective normalized
current density, whereas “imax” represents the maximum value
(“1”). The lower part of Fig. 7 shows the permeation experiments
for the longitudinal direction: part (c) shows the absolute current
density in mA/cm2 and part (d) the normalized data. In the parts

(c) and (d), the experimental data of the experiments I–III is
included for comparison (indicated by the gray colored curves).

The diffusion coefficients were calculated by the time-lag
method (“Dlag

”, see Eq. 6) and the inflection point method
(“DIP”, see Eq. 8). The obtained experimental data and the cal-
culated data are shown in Table 2. Two different influences on
hydrogen diffusion were investigated: (A) the heat treatment in
terms of AWand PWHT and (B) the microstructure texture.

A. Influence of heat treatment condition

The heat treatment condition of the weld metal is very impor-
tant as shown in Fig. 7 a and c. It is obvious that the AW condi-
tion (three conducted experiments indicated by “As-welded I-
III”) delays the hydrogen diffusion. This is indicated by the
prolonged lag-time “tlag” shown in Fig. 7 b and d. In addition,
the permeability “ϕ” (values given in Table 2) was generally
decreased. A prolonged hydrogen diffusion and lower perme-
ability at the same time, consequently call for higher number
and/or higher efficiency of existing hydrogen traps in the AW
condition.

In accordance to Table 2 and Fig.7, an accelerated hydrogen
diffusion was obtained in PWHT condition (PWHT I–III). It is
known that PWHT can cause two effects in the weld metal: (1)
the annihilation of dislocations and the decrease of the respective
density [23] or (2) the coarsening of precipitated carbides like
M23C6 orMX,which includes that the number of solute atoms in
the matrix is decreased [22]. The effects can decrease the number
of possible hydrogen traps and consequently increase the perme-
ability and the calculated diffusion coefficients in case of PWHT.
It is assumed that these factors had a comparable influence on our
results although we did not conduct dislocation density measure-
ment. Hence, the exact reason why the P91 WM in PWHT

Fig. 6 Determination of t0.5 time
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condition remains open. Nonetheless, it is assumed that the com-
bination of a changed number of dislocations and precipitates is
responsible, in accordance to [30, 31]. But they accompanied by
additional factors like grain boundaries, grain boundary area or
volume fraction, and the kind of constituent microstructure
phases (like austenite). All these crystal defects are necessary
and influence the material creep strength, but they also represent
hydrogen traps.

It seems to be unnecessary to define a “predominant” trap site
for welding practice. It is a matter of fact, that PWHT is very
helpful for both the mechanical properties and significantly re-
duced risk for HAC. But from the academic viewpoint, it is
useful to have a closer look on the possible hydrogen traps.
Exact diffusion coefficients and binding energies (see section
4.2) are for example very important for precise numerical simu-
lations tomodel hydrogen effects onmechanical properties or the
effectiveness of HRHT procedures [19, 20, 23].

The diffusion coefficients are in good agreement with the
values given in [30, 31]. If both the inflection point and the
time-lag diffusion coefficients are compared, they showed ra-
tios from 0.31 to 0.80. From the analytical viewpoint, the
time-lag method always results in lower diffusion coefficients
compared with the inflection point method. The reason is the
different interpretation of the experimental data.

The lag-time “tlag” considers the influence of the nec-
essary time for hydrogen adsorption at the sample surface,
which are ignored in case of the inflection point method
[12, 42, 50]. In other words, the time-lag method under-
estimates the hydrogen diffusion velocity in the material
and leads to unrealistically low diffusion coefficients.

B. Influence of microstructure texture on possible preferred
hydrogen diffusion

Additional experiments (As-welded IV-V and PWHT IV-V)
were carried out to investigate the diffusivity vs microstructure
texture. The data can be found in Table 2. The gray colored
curves in Fig. 7 c and d (longitudinal diffusion) are the experi-
mental data from Fig. 7 a and b (perpendicular). They are given
for direct comparison of the different directions.

In this context, longitudinal diffusion means in case of a
real weld joint the diffusion of hydrogen across the weld seam
thickness (i.e., root to top layer), and perpendicular is the
diffusion from the weld seam into the HAZ (assuming a butt
joint).

Table 3 summarizes the obtained influence of the diffusion
direction. For that purpose, the inflection diffusion coefficient
is shown and the permeability for both AW and PWHT heat
treatment condition.

Table 3 shows that the diffusion coefficients at AW-
condition only showed small differences between the
longitudinal and perpendicular direction within the same
heat treatment condition. In contrast, the permeability
(“Φ”, see Table 2) as an expression for the diffusing
hydrogen flux along the sample thickness was directly
related to the diffusion direction. The permeability was
always decreased in longitudinal direction for both AW
and PWHT heat treatment condition. From the analytical
viewpoint, diffusion coefficients without the consider-
ation of the hydrogen flux at the same time are not
suitable to identify a preferred diffusion direction.

Fig. 7 Permeation experiments
for perpendicular direction. Part
(a) shows the absolute current
density in A/mm2 and (b) is the
respective normalized data;
comparison of permeation
experiments for longitudinal
direction. Part (c) shows the
absolute current density in
A/mm2 and (d) is the respective
normalized data
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A reason for the pronounced effect of the diffusion direction
on the permeability could be the different number interfacial bead
areas. In longitudinal direction, hydrogen diffuses within the sin-
gle weld beads of a weld layer and must penetrate several inter-
facial bead areas. In opposite, the perpendicular direction is char-
acterized by diffusion along the layers (see Fig. 2b).
“Conventional” hydrogen traps like dislocations, precipitates,
grain boundaries, and microstructure constituents [28, 30, 31]
could only explain the beneficial PWHT effect on diffusion. It
is assumed that the obtained diffusion direction preference is

comparable with materials with significant textures like
austenitic-ferritic steels [51] or the effect of cold working on
decreased hydrogen diffusivity [52].

Numerical calculations supported a so-called self-gathering
effect of hydrogen enrichment in weld metal by solid-state phase
transformation, which can appear several times in multi-layer
welding [53]. It is assumed that theweld bead and layer sequence
influence the hydrogen flux in a comparable way in terms of
interfacial areas between the weld beads. It could not be identi-
fied what the exact reason was for the higher hydrogen flux in

Table 2 Permeation data and
calculated diffusion coefficients
by time-lag and inflection point
method

Diffusion direction and
heat treatment condition

Max. current
density

Permeability Lag-
time

Slope Diffusion
coefficients

Ratio

imax in 10
-8

A/mm2

Φ in 10-13

mol/mm*s

t0.63 in

s

a in
10-12

A /
mm2*s

Dlag in
10-6

mm2/s

DIP in
10-6

mm2/s

Dlag /

DIP

Perpendicular AW I 6.01 3.12 22,900 3.73 1.82 2.62 0.69

AW II 11.03 5.72 23,900 5.98 1.74 2.29 0.75

AW III 9.01 4.67 17,600 8.01 2.37 3.75 0.63

Mean

± sigma

8.68

± 2.53

4.50

± 1.31

21,467

±
3,3-
86

5.91

± 2.14

1.98

± 0.34

2.89

± 0.77

-

-

PWHT
I

19.95 2.00 3,850 63.69 10.80 13.50 0.80

PWHT
II

14.16 1.42 4,990 42.32 8.35 12.60 0.66

PWHT
III

13.13 1.31 6,200 44.97 6.72 14.50 0.46

Mean

± sigma

15.70

± 3.68

8.16

± 1.91

5,013

±
1,1-
75

50.30

±
11.-
60

8.63

± 2.07

13.50

± 0.90

-

-

Longitudinal AW IV 2.05 1.06 67,200 0.56 0.62 1.16 0.53

AW V 2.76 1.43 44,000 0.98 0.95 1.50 0.63

Mean

± delta

2.41

± 0.35

1.25

± 0.18

55,600

±
11,-
600

0.77

± 0.21

0.79

± 0.17

1.33

± 0.17

-

-

PWHT
IV

3.39 1.76 10,200 10.56 4.13 13.20 0.31

PWHT
V

4.80 2.49 9,500 11.14 4.43 9.76 0.45

Mean

± delta

4.10

± 0.71

2.13

± 0.37

9,850

± 350

10.85

± 0.29

4.28

± 0.15

11.48

± 1.72

-

-

Table 3 Diffusion direction
influence on diffusion coefficient
(“DIP”) and permeability (“Φ”)
for both heat treatment conditions

Diffusion direction Perpendicular Longitudinal

Value DIP Φ DIP Φ

Unit 10-6 mm2/s 10-13 mol/mm × s 10-6 mm2/s 10-13 mol/mm × s

AW 2.89 8.68 1.33 2.41

PWHT 13.50 15.70 11.48 4.10
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perpendicular direction. This effect could be also random and
demands for an increased number of experiments with different
materials with pronounced microstructure texture.

As shown in Table 3, the AW diffusion coefficients (only
“DIP” shown) had been approximately 4 to 7 times smaller com-
pared with the PWHT condition. Hence, a possible risk for de-
layed HAC consequently increases in as-welded and hard micro-
structure (like martensite in weld metal or HAZ) by significantly
delayed diffusion [18–20].

For welding practice, the impact of PWHT on the calculated
diffusion coefficients is predominant compared with the AW
condition. But, it should be considered that thick-walled multi-
layer welded joints perhaps shows the obtained effect of delayed
hydrogen diffusion across the root layer to the top layer. As
mentioned, numerical calculations supported this effect of
“aligned” hydrogen enrichment in weld metal [53].

4.2 Hydrogen diffusion between 100 and 400 °C

Figure 8 shows the characteristic of temperature-dependent effu-
sion rates and the corresponding normalized hydrogen concen-
trations remaining in the sample for both WM conditions. Parts
(a) and (b) show the AW condition and (c) and (d) show the
PWHT condition. The corresponding diffusion coefficients are
shown in Table 4.

With increasing temperature, the hydrogen effusion curves
show higher peak values (indicated by the effusion rate in ml/(s
× 100 g Fe)) and shorter total diffusion times, which results in
shorter t0.5 time. In accordance to [45, 46, 48], the diffusion
coefficients increase. Nonetheless, the P91 AW condition

showed the lowest diffusion coefficients. This was valid with in
the entire temperature that ranges from 100 to 400 °C. Hence, the
AWmicrostructure must have significantly increased the number
of traps that delay the hydrogen diffusion. Independently of the
microstructure condition, all diffusion coefficients had beenwith-
in 10−4 to 10−3 mm2/s range. In accordance to Fig. 1, they are
comparable with those values reported in the literature [26, 32]. It
is reasonable that the diffusion coefficients could be used to
calculate possible HRHT times using models, for example used
in [19, 20]. In addition, it is obvious that high-alloyed 9% Cr
steels generally have lower diffusion coefficients compared with
conventional low-alloyed 2.25% Cr steels.

For the calculation of activation energy for diffusion, the
Arrhenius plots are shown in Fig. 9. For that purpose the diffu-
sion coefficients “D” are plotted on logarithmic scale vs. the
absolute inverse temperature “T” (in K).

Fig. 8 Hydrogen diffusion from
100 to 400 °C. Time-dependent
effusion rate and corresponding
remaining normalized hydrogen
concentration for selected sam-
ples of AW condition (a), (b) and
PWHT-condition (c), (d)

Table 4 Average values of t0.5 time (in second) and hydrogen diffusion
coefficients D (in 10-3 mm2/s) with respective deviation (min./max.
values)

T in °C P91 AW P91 PWHT

t0.5 in second 100 400 ± 62 163 ± 55

200 127 ± 14 72 ± 12

300 63 ± 5 42 ± 1

400 38 ± 1 33 ± 1

D in 10−3 mm2/s 100 0.4 ± 0.1 1.0 ± 0.3

200 1.2 ± 0.0 2.1 ± 0.3

300 2.3 ± 0.2 3.4 ± 0.0

400 3.9 ± 0.1 4.3 ± 0.1
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The P91WM in AW condition had the steepest slope of the
Arrhenius plots. This indicates a higher trapping energy. The
slope can be calculated by the analogy of the Arrhenius equa-
tion to a simple linear function (Eq. 11).

y ¼ nþ m� x ð11Þ
EA ¼ m� R ð12Þ

In accordance to Eq. 12, which is the activation energy, "EA"
is then calculated by determining “m” from the Arrhenius-fit and
multiplying with “R” (universal gas constant). Table 5 shows the
calculated data for the diffusion constant “D0”, the Arrhenius
slope “m”, the activation energy “EA” and the corresponding
regression coefficient.

Both Arrhenius plots showed very good regression model
quality. The AW condition had 1.5 times higher calculated acti-
vation energy for hydrogen release from the traps (16.2 kJ/mol
for AW compared with 10.4 kJ/mol for PWHT). Nonetheless,
both values indicate so-called reversible trapping (as EA is below
30 kJ/mol [54]). This means hydrogen is bound by traps but not
permanently. Corresponding major trap sites in the WM can be
dislocations, grain boundaries, and the manifold precipitates in
P91WM [22–24, 26]. The PWHTmust have the most important
influence. Possible effects are the reduction of the number of
dislocations [23] by PWHT, annealing [55], or the growth of
carbides [22], both effects reduce the number of possible hydro-
gen traps in the weld metal. This behavior is consistent with the
experiments shown in section 3.1 and 3.2.

For that reason, a PWHT is beneficial for hydrogen diffusion
in terms of decreased number of hydrogen traps. This has signif-
icant influence on a necessary PWHT of the weld joint. If
welding must be interrupted, it has to be ensured that the weld
is maintained at the interpass or preheat temperature. Otherwise
hydrogen diffusion significantly decreases with decreasing

temperature. Considering the still present martensitic microstruc-
ture (before PWHT), a few ppm or ml/100 g Fe are already high
enough for full embrittlement of the microstructure [13, 14]. In
case of the P91 weld metal in AW condition, the risk for delayed
HAC consequently increases if no HRHT is carried out before
the weld is cooled down for the final martensitic transformation.

It is worth mentioning that former investigations showed a
different behavior for TIG-welded T24/7CrMoVTiB10-10
[12]. In this case, the “AW” condition had comparable EA

values like the P91 WM PWHT condition (7.4 kJ/mol com-
pared with 10.4 kJ/mol). It is reasonable that this value was
influenced by the different welding process (TIG). The TIG
welding typically encompasses thinner beads and layers,
which results in a different tempering influence during
multi-layer welding. Hence, a “partially” annealedmicrostruc-
ture can be assumed already in the as-welded condition. But it
must be considered that the chemical composition of T24 is
different from that of the P91. The reason is the reduced
amount of alloy elements due to T24 low alloy concept of
2.25Cr-1Mo-0.25V with additions of B and Ti [12]. This re-
sults in a reduced number of precipitates (i.e., available hydro-
gen traps). In addition, in [30] it was reported that the number
of solute atoms (like Cr or Mo) plays a dominant role in
hydrogen trapping. Their number varies with the heat treat-
ment temperature, which is a reasonable explanation for the
difference of TIG weld metal in AW condition (higher anneal-
ing temperature due to the small weld beads and higher heat
input compared with GMAW). Combined with the micro-
structure (T24 mostly bainitic, P91 mostly martensitic), this
can be an explanation for the similar diffusion coefficients of
P91 PWHT-WM and T24 “self-annealed”AW-WM as bainite
and martensite typically do not show different diffusion be-
havior [12, 56] even in a coarse or fine-grained HAZ micro-
structure [12]. From that point of view, it is difficult to identify,
what has the major influence on the diffusion: the chemical
composition, the welding procedure, the microstructure, or a
combination of all. It is suggested to perform further thermal
desorption analysis (TDA) as the calculation of “EA” (as value
for a possible major hydrogen trap site) only by diffusion
coefficients can be misleading [43, 57].

The combined experimental data from section 4.1 and sec-
tion 4.2 suggest that the AW condition always had the lowest
hydrogen diffusion coefficients for the range from room

Fig. 9 Hydrogen diffusion coefficients from 100 to 400 °C (T24 WM
given for comparison, taken from [12])

Table 5 Calculated activation energies “EA” within the temperature
interval from 100 to 400 °C (min./max values)

Condition D0 in 10
−3 mm2/s Slope m EA in

k J /
mol

R2

AW 70.6 1959 16.2 0.99

PWHT 29.1 1255 10.4 0.99
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temperature to approximately 300 °C. This temperature is
close to the typical interpass temperature (in our case 280
°C), as well as the HRHT temperature of 300 to 350 °C. It
is obvious that a HRHT at elevated temperatures should
be beneficial in terms of HAC avoidance by reducing the
hydrogen concen t ra t ion in the mic ros t ruc tu re .
Nonetheless, the diffusion coefficients are an effective
value to assess the hydrogen atoms velocity within a giv-
en microstructure. But they do not include any informa-
tion on possible trapping of residual hydrogen. For exam-
ple, it is an economic question if HRHT temperature
could be reduced to 200 °C to remove the hydrogen from
the weld metal. The problem is that HRHT procedure
needs more energy, the higher the intended temperature
is, i.e., a question of the energy costs. For that purpose,
the CGHE specimens were degassed for a second time at
900 °C to identify possible trapped hydrogen amounts.
The results are shown in section 4.3.

4.3 Hydrogen solubility and trapping from 100 to 400
°C

The isothermal degassing experiments allowed the calcu-
lation of trapped hydrogen concentrations. Table 6 shows
the measured hydrogen concentrations. “HDI” represents
the desorbing hydrogen amount (corresponding integral
value of AW curves in Fig. 8a and PWHT-curves in Fig.
8c) at the respective isothermal temperature of 100 to 400
°C. Subsequently, the remaining concentration “HDII” is
determined by heating the degassed sample for a second
time to 900 °C. The sum of both is then “HDtot”, the total
hydrogen concentration.

It is obvious that the decreased diffusion coefficients
correlate (see Table 3) to the measured hydrogen concen-
tration. In the “as-welded” condition, the P91 WM had a
total hydrogen concentration between 43 and 54 ml/100 g
Fe. This value decreased to 3 and 5 ml/100 g Fe in case of
the PWHT condition. Both heat treatment conditions

showed significant amount of trapped hydrogen at 100
°C. In this case, the AW condition nearly 50% of the total
hydrogen had been trapped (approximately 20 ml/100 g
Fe). At 200 °C any trapped hydrogen was measured. That
means for HRHT a minimum temperature of 200 °C is
recommended as any hydrogen would remain in the
(martensitic) weld metal. This recommendation does not
include any HRHT time. This time is explicitly dependent
on the weld joint thickness as well as on the applied
diffusion coefficients [15, 20]. The measured hydrogen
concentrations cannot represent real weld samples as typ-
ically those concentrations of 10 to 20 ml/100 g Fe are not
reached during welding. Nonetheless, already small
amounts of hydrogen can have a pronounced effect on
the mechanical properties of P91 WM.

5 Summary and conclusions

In this study, the hydrogen diffusion in 9% Cr steel P91
multi-layer weld metal was studied in AW and PWHT
condition. Diffusion was investigated at room temperature
(permeation experiments) and for two different micro-
structure directions. Hydrogen diffusion was investigated
at elevated temperatures and trapped hydrogen concentra-
tions were measured (by CGHE) within a HAC-related
temperature that ranges from 100 to 400 °C. The follow-
ing conclusions can be drawn from the present study:

& The permeation experiments at room temperature showed
that the perpendicular direction was identified as preferred
diffusion direction for both heat treatment conditions and
is expressed by the permeability (“Φ”). The permeability,
i.e., the hydrogen flux was significantly higher in perpen-
dicular direction. In opposite, no preferred diffusion direc-
tion can be identified if the calculated diffusion coeffi-
cients are regarded. The problem is that the diffusion co-
efficients only describe the “speed” of the diffusion

Table 6 Measured temperature-
dependent hydrogen concentra-
tion HDI, remaining HDII, and
summarized HDtot

Temp. in °C Hydrogen concentration in ml/100 g Fe HDII/HDtot ( %)

HDI HDII HDtot

AW 100 23.1 ± 7.5 20.8 ± 7.8 43.9 52

200 49.1 ± 1.3 0.0 49.1 0

300 54.0 ± 7.7 0.0 54.0 0

400 45.6 ± 7.8 0.0 45.6 0

PWHT 100 3.1 ± 1.1 0.3 ± 0.1 3.4 10

200 5.1 ± 1.0 0.0 5.1 0

300 4.8 ± 0.1 0.0 4.8 0

400 4.5 ± 0.3 0.0 4.5 0
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process but do not say anything about the amount of
the diffusing species. This is more important in terms
of a crack-critical hydrogen concentration. Hence, the
diffusion coefficients can be used for simple calcula-
tions but cannot express the microstructure texture de-
pendence in this study. For that purpose, the perme-
ability is more suitable.

& CGHE experiments showed that AW condition had
significant effect on diffusion also at elevated temper-
atures. This effect was to delay the necessary time for
hydrogen desorption from weld metal samples. This
means that the number of active hydrogen traps is
increased compared with the PWHT condition.
Consequently, the hydrogen diffusion coefficients of
the AW condition had been smaller compared with
the PWHT condition. This difference was determined
up to 300 °C. The calculated activation energies
showed reversible hydrogen trapping (expressed by
the activation energy) for both heat treatment condi-
tions. Due to the complicated discussion on predomi-
nant hydrogen traps, it can only be assumed that in
dislocations and precipitates are perhaps the predomi-
nant hydrogen traps in AW condition. Nonetheless,
the hydrogen diffusion is influenced by additional fac-
tors like grain boundaries, martensite lath as well as
residual microstructure constituents.

& For welding applications delayed hydrogen diffusion
must be anticipated. If welding must be interrupted or
no DHT/HRHT is performed, the risk for delayed
HAC of the weld joint consequently increases as dif-
fusion coefficients decrease. From our study, a mini-
mum HRHT temperature of 200 °C is recommended.
The reason is that below this temperature significant
amounts of hydrogen can still be trapped.

& The absorbed hydrogen concentration consequently
increased for the AW condition. This is a consequence
of the decreased hydrogen diffusion coefficients with-
in the entire temperature range. The PWHT condition
showed approximately total hydrogen concentration of
3 to 5 ml/100 g Fe. The AW condition showed a total
absorbed hydrogen concentration of 43 to 54 ml/100 g
Fe, whereas approximately 21 ml/100 g Fe was still
trapped at 100 °C.
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