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Abstract

The trapping behavior of hydrogen in a Fe-Cr-Ni-Al-Mo alloy (PH13-8Mo martensitic stainless steel) was
investigated. Three different metallurgical states of the same alloy were obtained by heat treatment in an
attempt to separate the impact of different microstructural features on the hydrogen trapping behavior.
Microstructure analysis including dislocation density measurements and characterization of B2-NiAl
precipitates and reverted austenite was conducted, using mainly X-ray Diffraction and Transmission Electron
Microscopy. From electrochemical permeation conducted under varying hydrogen fugacity, the trapping
characteristics (binding energy, trap density) of the three metallurgical states studied were first determined
using the analytical one trap model of Kumnick and Johnson. Another more sophisticated numerical model
was then developed in order to introduce two different types of traps. This model was used to simulate the
permeation curves and the trapping characteristics were identified using an inverse approach. In a separate
approach, Thermal Desorption Spectroscopy was also used to determine the trapping energies and the
amount of hydrogen stored in different traps. Combination of these different experimental and modelling
approaches have produced consistent results. It is shown that low-misfit coherent B2-NiAl precipitates have
a very limited trapping capability. The high dislocation density, including dislocation walls (martensite lath
boundaries), significantly traps hydrogen, at an intermediate energy of about 35 kJ/mol. Filmy reverted
austenite has a double impact: hydrogen is trapped both at the martensite-austenite interfaces (~35 kJ/mol)
and in the austenite bulk (20 kJ/mol).
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1. Introduction

Precipitation-hardened martensitic steels, known as maraging steels, are widely used in numerous industrial
fields where their high tensile strength and high fracture toughness are praised for the fabrication of critical
components. The development of stainless maraging steels added the possibility to use these materials in
corrosive environments. However, the exposition of both non-stainless and stainless maraging steels to
hydrogen — which is a common product of corrosion reactions — has proven to be detrimental for their
mechanical properties [1]. The origin of a material sensitivity to hydrogen embrittlement is believed to lie in
both the hydrogen concentration and mobility [2,3]. A material ability to store a high concentration of
hydrogen, as well as the mobility of hydrogen in the material bulk, are strongly dependant of the
microstructure. For these reasons, the relations between microstructural features and hydrogen diffusion
and trapping have been widely studied over the past decades. However, the complex microstructure of
maraging steels makes it difficult to identify the individual contribution of microstructural components to
the hydrogen trapping [4].

In a recent paper [5], Bestautte et al. studied hydrogen assisted quasi-cleavage in PH13-8Mo steel using
tensile testing under in-situ cathodic charging, as well as post-mortem EBSD analysis of quasi-cleavage
cracks. They showed that quasi-cleavage cracks propagate sub-critically in the microstructure. Quasi-
cleavage consisted of very brittle cleavage cracks, connected by ductile ridges. The plastic activity was
concentrated in the ductile ridges, i.e. between brittle cracks, not in the vicinity of them. The brittle part of
cracks did not follow any type of interfaces. Instead, they propagated along {100} type crystal planes across
individual martensite blocks. Sub-critical propagation involves hydrogen dynamic accumulation at the crack
tip, which implies a sufficient mobility of hydrogen. Deep trapping of hydrogen in particular microstructural
features can then be beneficial, as it will efficiently reduce its mobility.

Commonly the hydrogen state in the material is characterized by the interaction energy between the solute
and the microstructure which define the trapping conditions [6]. The methods used to quantify hydrogen
trapping give access to different type of energies which need to be clearly defined [7]. Fig. 1 (a) presents the
different energies involved in the trapping process. The activation energy for hydrogen lattice diffusion is
referred to as Eg, and the lattice sites are separated by a distance A. The saddle point energy is the energy
required for hydrogen to jump from a lattice site into a trap position and is noted Es. The energy required to
withdraw a hydrogen atom from a trap site is the trapping energy Er. The difference of energy between a
trap position and a lattice position is the binding energy Es. Consequently, the following relation is obtained:

ET = EB + ES (1)
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Fig. 1. Schematic representation of the different parameters used to describe hydrogen diffusion and
trapping inside a crystalline structure (a) and schematic view of martensitic microstructure (b).

The multi-scale structure of martensite Fig. 1 (b), composed of former austenitic grains subdivided into
packets, blocks and laths, presents a high density of interfaces. Hydrogen is known to interact with grain
boundaries, and these interactions are governed by the nature of the grain boundaries [8—10]. Oudriss et al.
[9] studied the specific effect of different types of boundaries in pure FCC nickel. They concluded that high-
angle (random) boundaries act as short circuits for hydrogen diffusion. On the other hand, low
misorientation grain boundaries and ordered boundaries act as trapping sites for hydrogen, because these
boundaries can be accommodated by dislocations and vacancies, which actively trap hydrogen. They also
found that when the ordered boundaries density becomes significant, the short-circuit diffusion along
random boundaries has little impact on the global hydrogen diffusivity. In BCC materials, the impact of grain
boundaries on the global diffusivity is lower than for FCC materials, in relation with higher lattice diffusivity
[8]. In the case of a martensitic structure, the low misorientation boundaries are predominant (mainly
because laths boundaries are low misorientation boundaries), so it is assumed that short-circuit diffusion
along random boundaries has little influence on the diffusion of hydrogen inside the material. Moreover, the
lath boundaries can be treated as dislocations walls [11,12], which is convenient to estimate their impact on
hydrogen trapping in relation with a misorientation accommodated by geometrically necessary dislocation
(GND) density.

It has been well established that dislocations play a major role for hydrogen trapping [13,14]. The martensitic
structure shows a high dislocation density, making dislocations the primary traps for hydrogen in martensite
[15]. First principle calculations confirmed that hydrogen can be trapped both in dislocation core and stress
field, and for both screw and edge dislocations in BCC-Fe [16,17]. However, the trapping energy at dislocation
core is higher than in dislocation elastic field [18].

The maraging steels are hardened through precipitation of one or multiple intermetallic phases. It is well
established that the precipitation state and the nature of precipitates have a strong effect on hydrogen
trapping [4,19-22]. Peral et al. [23] evidenced an increase in hydrogen trapping energy from 13 kJ/mol to 35
kJ/mol when adding vanadium to a Cr-Mo low alloy steel, which changed the precipitates nature from Cr-
Mo carbides to Mo-V carbides. Wei et al. [24] measured a trapping energy of 55.8 kJ/mol associated with
TiC precipitates, while Rousseau et al. [4] obtained a trapping energy of 17 kJ/mol corresponding to B2-NiAl
coherent precipitates. These significant differences are partly linked to the coherency of the
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precipitates/matrix interface [4,24,25], as semi-coherent and incoherent interfaces have an important
hydrogen trapping ability, either in surface vacancies or in GNDs. Hydrogen can also be trapped in the
structural vacancies found inside the precipitates, leading to high trapping energies, in the range
45-60 kJ/mol [26,27]. Finally, hydrogen trapping occurs in the elastic field created by the (semi)coherent
precipitates. However, the associated trapping energies are low, Wej et al. [24] estimated that such energies
are not higher than few kJ/mol for stresses as high as 3000 MPa. The PH13-8Mo alloy studied in this work is
strengthened by nano-scale B2-NiAl precipitates that are coherent with the matrix [28—30]

Finally, the presence of a secondary austenitic phase must be taken into account, as it can also significantly
affect hydrogen diffusion and trapping [31,32]. The austenite can either be residual (ie not transformed into
martensite during quenching) or reverted (ie formed during the ageing treatment), the latter being found as
very thin films located in between martensitic laths [28,33,34]. This morphology of austenite is believed to
have an even stronger influence on hydrogen diffusion and trapping [35]. While it has been evidenced that
hydrogen can be stored in the lattice of austenite [36], several studies suggest that the most impacting
trapping site for hydrogen is the interface between austenite and the martensitic matrix [37—40].

Table. 1. presents data from the literature concerning hydrogen binding/trapping energies attributed to the
microstructural features previously mentioned. These values are mainly obtained using electrochemical
permeation and Thermal-Desorption Spectroscopy (TDS) as well as calculation (Ab-initio, Density Functional
Theory). A significant scattering among and between the values of Eg and Er can be observed, which
illustrates the difficulties encountered to isolate the effect of a single microstructural feature from the rest
of the microstructure and from the experiment-related uncertainties. In particular, the TDS method using
the Choo-Lee / Kissinger approach [41,42] was proved to give uncertain results when peaks partly overlap
[43] and/or when the range of heating rates covered is not large enough [7]. In addition, the measurement
might be impacted by inhomogeneous initial hydrogen charging [44], specimen thickness [45] and by any
possible microstructural changes induced by the high temperatures reached during acquisition of the
spectrum. On the other hand, the electrochemical permeation technique also suffers some difficulties. The
measurement can be impacted by electrochemical instabilities [46] and by surface layers (oxide layer or
palladium deposition on the entry and/or exit side) [47]. In addition, determination of trap energies and trap
densities requires numerous permeation experiments at different hydrogen fugacities [48] and/or
temperatures [9]. Considering the uncertainties and experimental difficulties associated with both TDS and
permeation, comparison of experimental results (trap densities, trap energies) obtained using both methods
on the same material may allow more reliable results [18,49].

Confrontations between experimental and numerical approaches are a relevant way to strengthen the
results [12,45,50-52]. This is particularly true for permeation where addressing multiple trapping using
analytical approaches (such as the Kumnick and Johnson approach [48]) is not an easy matter. In most cases,
homogenized models are used, where an elementary volume is characterized by a trap density and local
hydrogen concentrations (both lattice and trapped hydrogen). Those models can be based on rate equations
of hydrogen trapping and detrapping [45,53-56], or on the assumption of local equilibrium between lattice
and trapped hydrogen | the elementary volume [57-63]. Some authors [55,64] argued that local equilibrium
is achieved provided the trapping/detrapping reaction times are short compared to the long range diffusion
time, which is usually the case if the specimens are thick enough. Models have been applied to the simulation
of TDS spectra [45,54,58,59,61,63] and more occasionally permeation curves [12,57,62,65]. One of the
limitation of such models is the number of input parameters needed, and the possibility of having several
sets of parameters giving the same result. Therefore, a sufficient amount of experimental measurements
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obtained in different conditions is usually needed to extract reliable parameters from the comparison
between experiments and simulations. In addition, such approaches have to be complemented by a deep
investigation of microstructure in order to identify and quantify the possible hydrogen traps in the material.

The objective of this study is to assess the trapping energies and trap densities associated to key
microstructural features of PH13-8Mo, a widely used maraging stainless steel. In order to identify the effect
of those microstructural features on the hydrogen behaviour, three metallurgical states of PH13-8Mo were
studied. The microstructure of each metallurgical state was deeply characterised, with a special focus on the
strengthening precipitates and austenitic phase. Several approaches were used to study the hydrogen
behaviour: electrochemical permeation, thermal desorption, and numerical simulation of permeation based
on a local equilibrium model. The complementarity and confrontation of results are meant to increase the
accuracy and reliability of the proposed links between trapping phenomena and PH13-8Mo microstructure.



Table. 1. Literature review of hydrogen trapping energies (Et) and binding energies (Eg) corresponding to
different microstructural features in iron and steels. The lattice diffusion activation energy (E;) has been
reported to be 3-18 ki/mol [4,18,24,41,66—-68].

Trapping element Er Es
Pping (kJ/mol) (kJ/mol)
Grain boundaries 17-25 [15,41,69] 28-47 [50,51,72,73]

56-60 ki/mol [70,71]

Dislocation (mean) 26-34 [13,15,41,69] 35.7 [74]

52 [71]
Dislocation (core) 48-60 [4,18,23] -
Dislocation (strain field) 28 [18] -
Vacancy 50 [4] 55-58 [51,75,76]

11-15 [23,77,78]
Precipitate (interface) 27-35[4,18,23,79,80] -
55.8 [24]

Precipitate (vacancies at

interface and in bulk) 45-60 [26,27,52] -

Precipitate (strain field) 10-17 [4,18,21] 1-6 [24]




2. Materials and methods
2.1. Materials

The material is a PH13-8Mo maraging stainless steel produced and supplied by Aubert&Duval. Three samples
of 15 X 15 X 90 mm were solution annealed at 930°C during 1h then water quenched to obtain a martensitic
structure with very little residual austenite. Two solutions annealed (SA) samples were then aged to form
strengthening B2-NiAl precipitates as well as reverted austenite. The H860 state corresponds to ageing at
460°C during 90 minutes, and the H1000 state corresponds to ageing at 540°C during 4 hours. The
microstructures of the SA, H860 and H1000 states were then characterised.

A model Fe-12Cr alloy was also used to measure the hydrogen diffusivity in a single-phase iron chromium
BCC matrix. The alloy was produced in the laboratory and was first forged then annealed at 850°C during 4h
followed by slow cooling inside the furnace to obtain a large grain size and a low dislocation density. It was
used to estimate the lattice diffusivity of hydrogen in PH13-8Mo.

The chemical compositions of the studied alloys are given in Table. 2.

Table. 2. Chemical compositions of the studied alloys.

Major elements (wt%) Minor elements (wppm)

Materials Fe et N Al Mo : C 0 S N
PH13-8Mo Balance 125 85 09 21 : 341 - 4 -
Fe-12Cr Balance 12.08 - - - 4 5 1 1

2.2. Microstructural analyses

For EBSD and XRD analyses, samples surface was prepared using electro-polishing in a nitric acid solution.
For TEM investigations, discs with a diameter of 3 mm and a thickness of 80 um were electropolished to
perforation using a twin-jet electropolishing unit (Struers TenuPol-5) with a solution of 10% HCIO4 in ethanol.

EBSD was performed in a SEM ZEISS SUPRAS5VP at an accelerating voltage of 20 kV. Using the EBSD data, a
reconstruction algorithm [81] was used to obtain the parent austenite microstructure. This allowed us to
have a good estimate of the austenitic grain size, which was not possible using conventional light microscopy
observations, as chemical or electrochemical etching methods fail in clearly revealing the former austenitic
grain boundaries of this material. The lath width was measured by bright field TEM observation. The total
dislocation density was calculated from XRD data obtained in a diffractometer Bruker AXS D8-Advanced,
using the Williamson-Hall (W-H) method [82]. The reliability of this method was confirmed by confronting
its results with intra-lath dislocation density measured on bright field TEM pictures and inter-lath GND
density calculated from EBSD analyses.

The B2-NiAl precipitate phase fraction was calculated using the Calphad method (Thermo-Calc software).
The precipitates size was measured on dark field TEM and STEM images. The crystallography of precipitates
and their coherency with the matrix were assessed using electron diffraction and their chemical nature was
ensured using EDX (Energy Dispersive X-ray Spectroscopy).

The austenite content and lattice parameters of martensite and austenite were measured by XRD in a X-Ray
diffractometer MDR Panalytical, using the Rietveld refinement method implemented in MAUD software.
These measurements did not reveal any significant texture of the material. The austenite location was
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identified in the microstructure using STEM imaging coupled with STEM-EDX mapping. Electron diffraction
and bright/dark field observations were conducted at 200 kV in a TEM JEOL JEM 2011. STEM imaging and
STEM-EDX mapping were performed at 200 kV in a TEM Jeol JEM-ARM200F NEO-ARM.

2.3. Electrochemical permeation

Electrochemical permeation tests were conducted in a double electrochemical cell connected to two
potentiostats (Voltamaster PGP201). Saturated calomel electrodes were used as reference electrodes and
platinum grids were used as counter electrodes. The tests were carried out at room temperature ina 0.1 M
NaOH solution (pH 12.4). The solution was deaerated during 48h prior to first testing using nitrogen gas flow,
and the deaeration was maintained during the test duration. An oxygen content of 8 ppb was measured
after 48h of deaeration using an ORBISPHERE oxygen sensor.

The PH13-8Mo permeation samples were polished down to 350 um using SiC grinding paper, then polished
down to 3 um surface state on both sides using diamond paste. The samples were welded to a nickel wire
connected to the potentiostat and then rinsed with ethanol. The O-rings of the sample holder were placed
in order to avoid any contact between the nickel wire and the testing solution to prevent any galvanic
coupling. The exposed surface was 0.8 cm? on both sides.

A slightly anodic potential (open circuit potential + 50 mV) was applied to the exit surface of the sample until
a stable current was obtained. Then, a strong cathodic current of -10 mA/cm? was applied on the entry
surface during 20 minutes to remove any passive layer, followed by a constant charging current. The
potential on the entry surface was monitored to ensure that it remains constant throughout the entire
duration of the charging step. The rising permeation current was monitored on the exit surface until it
reaches a steady state. Then, the desorption step consisted in leaving the entry surface at open circuit
potential, and monitoring the decaying permeation current on the exit surface.

Charging currents ranging from -10 pA/cm? to -3000 pA/cm? were used. The changes in the shape of the
permeation curves depending on the applied charging current gave information about the trapping
characteristics, as presented later in this study.

2.4. Thermal Desorption Spectroscopy

Thermal Desorption Spectroscopy (TDS) tests were performed in a Jobin Yvon Horiba EMGA-621 W hydrogen
analyser (TCD: Thermal Conductivity Detector). Samples of 10 X 5 X 0.5 mm were mechanically polished with
SiC grinding paper down to 5 um, cleaned with acetone and finally masked with a Mecaprex MA2 resin to
proceed to one side polarization. Samples were then cathodically charged in a deaerated 1 M H,S04 solution
(pH = 0.18) at a constant charging current of -20 mA/cm?. Prior to TDS measurement, the resin was removed
and the sample was mechanically polished, rinsed with acetone and dried with air. The sample was then
placed in a graphite crucible which was introduced in the furnace chamber. The small size of the chamber
allows a purging cycle of few minutes only, resulting in little hydrogen being lost during the process. The
sample was induction heated to the desired temperature at the desired heating rate, and the hydrogen flux
was monitored to obtain the TDS spectrum. For each TDS test, an identical test with an empty crucible was
performed to obtain a reference TDS spectrum. The reference spectrum was then subtracted from the
experimental spectrum.



Specimens of the three metallurgical states were cathodically charged for different durations up to 72h. The
total hydrogen content was then measured by TDS using direct heating to 2000°C. We found that the
hydrogen content reaches a plateau after 48h of polarisation for the three metallurgical states. Specimens
where then cathodically charged during a fixed time of 48h. TDS analyses from 80 °C to 2000 °C at specific
heating rates in the range from 75 to 230 K/min were conducted to obtain the TDS spectra. The changes in
TDS spectra shape depending on heating rate gave access to the trapping energies, as presented later in this
study.

2.5. Simulation of permeation tests

The permeation tests were simulated using a 1D finite element model, based on local equilibrium between
lattice hydrogen and trapped hydrogen, which is represented in Fig. 2. This model takes into account the
effect of trap densities and trap binding energies. It can operate with several types of traps i, each one
characterised by a trap density N7 and a trap binding energy Egi. In this study we used a model with two
traps only, in order to keep the number of input variables reasonable, and because a three-trap model did
not improve the agreement between the experimental and the simulated permeation curves.

The sample thickness was divided into 1D elements. The initial condition is a null hydrogen concentration in
all elements. Boundary conditions are then applied. A constant lattice hydrogen concentration Coattice iS
imposed in the first element (entry surface), to be representative of the constant charging potential on the
entry surface during permeation tests (surface equilibrium is supposed to be rapidly established). A null
lattice hydrogen concentration is imposed in the last element (exit surface), as we suppose that all hydrogen
on the exit surface is quickly oxidised by the anodic potential, which is a necessary condition for the thick
membrane hypothesis. These boundary conditions are maintained throughout the charging step. Then, the
lattice hydrogen concentration is set to zero in the first element in order to simulate the desorption step, as
the hydrogen concentration on the entry surface is supposed to quickly drop to zero once the charging stops
[83].

At each time step, the total hydrogen concentration Citar in each element is calculated using the Fick law
(Eq. (2)) with a lattice diffusivity Diattice, considering that only lattice hydrogen is mobile.

2
aCtotal _ . d Clattice
ot lattice 92

(2)

Then, lattice hydrogen and trapped hydrogen are equilibrated in each element, considering that this
equilibrium is reached very quickly compared to long range diffusion kinetics [60]. This hypothesis leads to
the formulation of equation (3), which links a hydrogen concentration Cr; in trap i to the lattice hydrogen
concentration Cuartice, the lattice sites density N, and the trap characteristics Ny; and Eg;, according to early
works based on Fermi-Dirac statistics [60,84,85]. Equation (3) is applied for each type of trap implemented
in the model.

Nr;

Cr; =

(i , ] 3)
Ciattice " exp[_EBi/RT]

The conservation of mass is ensured in each element using equation (4).



Ciattice + z Cri = Ceotal (4)
i

At each calculation step, equation (2) provides the total hydrogen concentration profile Crota(t+dt,x) from
the previous lattice hydrogen concentration profile Ciattice(t,x). Then, once Ciotai(t+dt,x) is known, the model
proceeds with equilibration in every element in order to determine Cri(t+dt,x) (for each type of traps) and
Clattice(t+dt,x). Once Ciarice(t+dt,x) is obtained, the model can proceed with the new calculation step.
Equilibration is obtained in each element using equations (3) and (4) and needs the resolution of a system
of N+1 equations, where N is the number of different types of traps, as presented in Fig. 2. However, the
mathematical solution is not unique for a model simulating more than one trap. To overcome this difficulty,
the correct solutions were pre-calculated and stored in a correspondence table, following the approach used
by Yaktiti et al. [86]. This table contains values of Citice cOvering the range of interest [0, Coatiice], and the
corresponding values of Ciotar and Cri, that were obtained simply from equations (3) and (4). For any given
value of Cioa, it is then easy to extract the corresponding value of Cirtice from the pre-calculated table, using
linear interpolation.

Finally, the model can provide both the permeation curve (ie the time dependant hydrogen flux entering the
last element) and the concentration profiles at a given time for each hydrogen population (lattice and
trapped), from which we can deduce the trap occupancy profiles.

Charging step
Crattice = CO,Eattice 1

k K-1, K
. *_Clattice =0
Desorption step

Equation (2)
Cluttir:e =0

1
|
1
1
clattice (t) . clatal (t+dt) :
System resolution |

Ctotal (t+dt} T Clattice (t+dt)l
1

System

Exit surface

g

Equation (3), trap 1

Entry surface

Equation (3), trap i

Equation (3), trap N
Equation (4)

Fig. 2. Schematic representation of the 1D finite element model used to simulate permeation tests in a
multi-trap material.
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3. Results
3.1. Microstructure

Fig. 3 (a) and (b) show an EBSD orientation map of PH13-8Mo (H1000) and a parent phase reconstruction of
this map. Such reconstructions allowed a good estimation of the former austenitic grain size, which was
found to be 25 um. This value is constant among all metallurgical states, as the ageing treatments are
not performed at temperatures/durations high enough to induce any grain coarsening. Fig. 3 (c) presents
a TEM bright field observation of the lath martensite of PH13-8Mo (H1000), a mean lath width of 400 nm
was measured in the material.

Fig. 3. EBSD analysis of PH13-8Mo (H1000): (a) Orientation map (IPFz, z being normal to the analysed
surface) and (b) orientation map of the reconstructed austenite microstructure (IPFz). (c) TEM bright field
observation of the lath martensite in PH13-8Mo (H1000).

Fig. 4 shows the austenite content, hardness and dislocation density measured in the three metallurgical
states of the material. The austenite content increases continuously with increasing aging temperature, as a
consequence of austenite reversion which is favoured at higher temperature. Hardness is similar between
the two aged materials, but significantly higher in the aged states than in the SA state. Dislocation density is
high (about 5x10'* m2) and is similar among the three metallurgical states. This shows that no significant
dislocation annihilation occurred during the ageing treatments conducted in this study. The important
increase in hardness between SA on one hand and H860 and H1000 states on the other hand is caused by
the precipitation of the intermetallic phase B2-NiAl. The similar hardness observed in H860 and H1000 states
suggests that the precipitation state is not very different in the two cases. This observation is consistent with
previous studies which highlighted the low sensitivity of these precipitates to ageing [28—30].

Austenite content, dislocation density and hardness are summarised in Table. 3, along with the NiAl
precipitate volume fractions. These volume fractions were estimated at equilibrium using the ThermoCalc
software. It confirms that the NiAl phase fraction is close between the H860 and the H1000 states.
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Fig. 4. Measurements of austenite content (XRD), hardness (Hv) and dislocation density (XRD) in the studied
materials.

Table. 3. Austenite content, hardness, dislocation density and NiAl phase fraction measured among the three
metallurgical states of PH13-8Mo. The NiAl phase fraction was obtained using ThermoCalc.

Metallurgical state Austenite Hardness (Hv) Dislocation NiAl phase
content (vol%) density [m?] fraction (vol%)

Solution Annealed 0.6 337 5.1x10%* -

H860 1.9 460 6.3x10% 6

H1000 3.0 473 5.3x10%* 4.8

Austenite distribution in the H1000 state has been investigated using STEM and EDX (see Fig. 5). It appears
to be present in the microstructure as thin layers on the martensitic lath boundaries and as islands both
inside the laths and on lath boundaries. These observations are similar to what can be found in the literature
[4,28,34,87]. The EDX profiles in Fig. 5 (c) and (d) reveal that both intra-lath and inter-lath islands display a
Ni enrichment in the periphery of the island, while the Ni signal intensity is similar between the centre of the
island and the martensitic matrix. It is supposed that the Ni-rich austenite corresponds to the reverted
austenite, Ni being a y-forming element with a lower solubility in the martensitic phase compared to the
austenitic phase [88]. On the other hand, the retained austenite keeps its initial composition, corresponding
to the nominal alloy composition. Thus, the retained austenite should have a Ni content close from the one
of the martensitic matrix. Therefore, the islands of austenite should correspond to retained austenite, which
was then covered by reverted austenite during ageing. The reverted austenite also formed as thin layers on

lath boundaries, as can be seen on Fig. 5 (b) and (e), where a similar enrichment in Ni is identified along a
lath boundary.
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The thickness of the reverted austenite layers was roughly estimated to be about 10 nm in the H1000 state.
As mentioned before, a mean martensitic lath width of 400 nm was measured, which would lead to a

martensitic interface density of 200 = 2.5-10°m?/m3 . Considering the 3 vol% austenite content

measured in the H1000 material, a homogeneous repartition of reverted austenite on all martensitic
interfaces would lead to austenite layers of thickness 12 nm, which is consistent with our observations. Thus,
it is likely that austenite reversion occurred quite homogeneously on all martensitic interfaces.
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Fig. 5. STEM observations of PH13-8Mo (H1000). EDX analyses of: (c) intra-lath austenite island

corresponding to line 1, (d) inter-lath austenite island corresponding to line 2, and (d) inter-
lath austenite layer corresponding to line 3.

Fig. 6 shows TEM analysis of B2-NiAl precipitates in the H1000 state. Diffraction analysis was conducted with
a [001] zone axis and reveals the presence of two superposed diffraction patterns as shown in Fig. 6 (a). The
primary pattern corresponds to the BCC matrix. The secondary pattern corresponds to the NiAl precipitates,
which aligns with the matrix pattern. However, the NiAl phase has a B2 superlattice structure, which results
in supplementary diffraction spots on the secondary pattern. The matrix lattice parameter has been
measured to be a,; = 2.87 A using XRD, so that the distances in the electron diffraction pattern can be
calibrated. Thus, it is possible to calculate the B2-NiAl lattice parameter from the electron diffraction
patterns. A value of 2.88+0.06 A was obtained, resulting in lattice parameter mismatch of § = 0.7 + 2%
with the BCC matrix. It is to be noted that the mismatch obtained is below the measurement error.
Nevertheless, this low mismatch value is in accordance with literature data [4,28,30,89]. Fig. 6 (b) shows a
dark field observation corresponding to a diffraction spot belonging to the secondary diffraction pattern.
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The B2-NiAl precipitates can be observed, and appear to be spherical, with a diameter of about 8 nm. It also
seems that the precipitates are evenly distributed in the matrix.

Zone Axis [001] . : (a)
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-
® o .
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Fig. 6. TEM analysis of PH13-8Mo (H1000). (a) diffraction patterns of the BCC matrix and the B2-NiAl
precipitates. (b) dark field observation of the B2-NiAl precipitates.

Fig. 7 shows a STEM observation of the nano-scale precipitates as well as an EDX profile obtained across one
of them. STEM observations confirm that the precipitates are spherical, with a diameter of about 8 nm. As
expected, EDX profile reveals an enrichment in Ni and Al when the electron beam intersects with the
precipitate. The dark dots on STEM observations, corresponding to B2-NiAl precipitates, can be seen in Fig.
5 (a) and (b) as well, where it can also be observed that the precipitates did not form inside the austenitic
phase.
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Fig. 7. STEM observations of PH13-8Mo (H1000). (a) STEM observation of precipitates and (b) EDX profile
showing a significant increase in Ni and Al when crossing a precipitate.

The TEM dark field and STEM observations of B2-NiAl precipitates revealed that the precipitates are
spherical, with a diameter of about 8 nm and are homogeneously distributed in the matrix. Considering the
precipitates small size and the low lattice parameter mismatch at the precipitates/matrix interface, the
B2-NiAl precipitates are supposed to be coherent with the matrix, as suggested by several studies
[4,28,30,89]. Asimple geometrical criterion (equation (5)) proposed by Brooks [90] suggests that an interface
remains coherent as long as no interfacial dislocation is able to form, which is the case if

[-6<b (5)

with [ the interface length, dthe lattice parameter mismatch at the interface and b the burger vector of an
interface dislocation. In our case, the B2-NiAl precipitates should start to lose their coherency with the matrix
when reaching a diameter of about 40 nm, which is significantly above the precipitate size observed here.
Hence, the B2-NiAl precipitates present in the studied material remain coherent with the matrix and should
not generate interfacial dislocations.

3.2. Hydrogen electrochemical permeation

Fig. 8 (a), (b) and (c) show the rising transients of permeation tests performed on the three metallurgical
states using different charging currents. The permeation curves appear to be strongly impacted by the
changes in charging current as well as by the metallurgical state of the material. Two values seem to be
particularly impacted, the steady state permeation current (Jss), and the hydrogen exit time (texp) defined as
the duration required to reach 1% of Jss. It can be seen that the hydrogen exit times are much shorter for
the solution annealed state than for the aged states. Fig. 8 (d) and (e) show the variation of steady state
permeation current (Jss) and exit time respectively with the charging current. As expected, the steady state
current tends to increase with increasing charging current, although some experimental scattering is visible.
Additionally, it is observed that the hydrogen exit time tends to decrease with increasing charging current.
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shows the relation between the hydrogen exit time tex, (time at 1% of Jss) and the charging current.
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The link between the hydrogen exit time and the steady state permeation current has been studied by
Kumnick & Johnson [48]. The authors established an analytical solution for the hydrogen exit time in a
material containing a single trap population, derived from a more general model proposed by McNabb and
Foster [56]. This analytical solution depends on the trap characteristics (binding energy and trap site density)
and the charging conditions.

texp = tiattice {1 +3_a+6_a_6_a(1 + B)in(1 +ﬁ)} (6)
4 B ﬁz ﬁ3
a= Z—Zexp (%) (7)
_ CO,lattice EB
p =~ oxp () ®)

Where texp and tiatiice are the hydrogen exit times respectively with and without trapping, Nrand N, are the
trap site and lattice site densities respectively, Eg is the trap binding energy, and Coatice is the lattice
hydrogen concentration close to the charging surface of the sample.

Equation (6) can be simplified in conditions where Cyatice is either sufficiently high (regime of nearly
saturated traps) or sufficiently low (regime of low trap occupancy). Then, equation (6) can be written as
equation (9) or equation (10).

texp 3a 3N;
Nearly saturated traps ——=1l+—=1+— (9)
tlattice ﬁ CO,lattice
Lexp Ny Ep
Low trap occupancy —=14+a=1+—exp (—) (10)
tlattice NL RT

texp

and —> display a linear relationship

As a consequence, in the regime of nearly saturated traps,
lattice Co,lattice

with a slope of Nt. This approach is frequently used to estimate hydrogen trap density in metallic materials
using permeation tests [91,92].

texp

In the regime of low trap occupancy, : does not depend on Cgatiice, and the binding energy Es can be

lattice
calculated if Nrand N; are known. In this study we considered N, = 5.08 - 10%° m~3, which is the density of

tetrahedral interstitial sites in the studied material, as hydrogen is believed to occupy tetrahedral position
in BCC structures [24,67,93].

The hydrogen exit time without trapping can be calculated as:

82

t . [
lattice 25 . Dlattice (11)

where e is the sample thickness, and Diattice is the lattice diffusivity of hydrogen. We remind that the exit time
is defined here as the time needed to reach 1% of the steady state current.

From the steady state permeation current observed on a given permeation curve, the lattice hydrogen
concentration close to the charging surface of the sample can be calculated as:
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Jss e Ng
Coattice = ————= (12)
0,lattice Dlattice - F

With N, the Avogadro number and F the Faraday constant. It can be seen that the value of Djgtice must be
assessed to be able to calculate the values of tittice and Coattice. In the literature, the lattice diffusion of
hydrogen in pure iron has been widely studied and a large scatter of the diffusivity values was obtained
[67,77,92]. Hydrogen lattice diffusivity seems to be strongly dependant on the iron purity [94]. Thus, in our
case the presence of alloying elements is suspected to have a strong effect on hydrogen lattice diffusivity.

In this work, our approach to estimate D;;;¢ice Was to conduct a permeation test on the pure iron-chromium
reference alloy presented earlier (see composition in Table. 2). The study of this very pure model alloy allows
us to take into account the effect of chromium on the lattice diffusivity of hydrogen. The same chromium
content as PH13-8Mo was chosen for the reference material. However, it was not possible to include nickel
and molybdenum, since the addition of these elements would make it impossible to obtain a single phase
BCC alloy. The reference Fe-12Cr alloy was annealed at high temperature (850°C/4h) in order to minimize
the density of defects. The hydrogen diffusion coefficient measured on that alloy using electrochemical
permeation (see Appendix) was 1-:101° m?/s, which will be used as Diattice in this study.

Increasing the charging current during permeation tests should result in an increase in Cgattice cOnsidering
equation (12). Using the permeation tests at different charging currents, leading to different values of
Co,lattice, the Kumnick & Johnson method was applied to the studied materials, and the results are shown in
Fig. 9.
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Fig. 9. Application of the Kumnick & Johnson method to the studied materials.
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In Fig. 9 it can be observed a similar shape of the curves corresponding to the three metallurgical states. The
first part of the curves has a linear shape. This part corresponds to the high Co jattice values, for which the traps
are partially or totally saturated. The slope of this part of the curves is equal to the total trap density Nr

(equation (9)). For smaller values of Cgattice, i.€. higher values of , a plateau is observed. Knowing the

o,lattice

value of this plateau and the trap density previously calculated, it is possible to calculate the trap binding
energy Eg (equation (10)). This value of binding energy is a “mean” of the energies of all traps present in the
material, as the Kumnick & Johnson method supposes the presence of only one type of traps with the same
binding energy. The values of Nrand Eg obtained by this method are summarised in Table. 4.

Table. 4. Total trap density and mean trap binding energy found in the three metallurgical states by applying
the Kumnick & Johnson method with the data obtained from permeation tests at different charging currents.

Metallurgical state Total trap density [m3] Mean trap binding energy [kJ/mol]
Solution Annealed 8.6x10%* 40.5
H860 5.6x10% 39.5
H1000 6.5x10% 39.2

It can be seen that a significant increase in trap density occurs when going from the SA state to the H860
state. However, the two aged states display similar trap densities. The trap densities found are in accordance
with what is expected for martensitic steels [12,95]. Finally, the binding energy is similar among the three
metallurgical states.

3.3.  Thermal Desorption Spectroscopy

Fig. 10 (a) shows TDS spectra obtained for the three metallurgical states using a heating rate of 130 K/min.
The total hydrogen concentration in the TDS sample is proportional to the area under the corresponding TDS
spectrum. It appears that the aged states can store more hydrogen than the solution annealed material, and
this is particularly true for the H1000 state. Fig. 10 (b) displays the decomposition of a TDS spectrum into
four Gaussian distributions. Each peak corresponds to a hydrogen population sharing a common trapping
energy. Fig. 10 (c) shows the hydrogen concentrations corresponding to each Gaussian peak for the three
metallurgical states, these concentrations are summarised in Table. 5.

It can be seen that the difference in hydrogen concentration between the SA state and the H860 state is
mainly attributed to the peak 3, while the difference in hydrogen concentration between the H860 state and
the H1000 state is mainly attributed to the peak 2. The peak 1 concentration is identical for the three states,
and the peak 4 concentration, although very low, increases continuously with the ageing temperature.
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Fig. 10. (a) TDS spectra of the three materials, obtained with a heating rate of 130K/min. (b) decomposition
of a TDS spectrum into four Gaussian peaks. (c) Hydrogen concentrations corresponding to each Gaussian
peak for the three metallurgical states.

Table. 5. Hydrogen concentrations corresponding to the four Gaussian peaks used for the decomposition of
the TDS spectra (130 K/min).

Metallurgical state H concentration H concentration H concentration H concentration
(peak 1) [m?3] (peak 2) [m?3] (peak 3) [m??] (peak 4) [m?3]

H1000 1.2x10%° 7.6x10% 5.4x10% 1.0x10%°

H860 1.1x10%° 3.7x10% 3.8x10% 6.5x10%

SA 1.2x10%° 3.4x10% 8.5x10% 3.3x10%
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The trapping energies can be assessed by performing TDS tests at different heating rates. Fig. 11 (a) displays
TDS spectra of the H1000 state obtained at heating rates ranging from 130 K/min to 230 K/min. When the
heating rate is increased, the TDS peaks are shifted toward higher temperatures. This phenomenon has been
well established in the literature [41,96].

The trapping energy associated with a single peak can be deducted from the peak shifting relative to the
heating rate, according to the Kissinger’s equation [42].

(13)

where @ is the heating rate, T, is the peak temperature, and Er is the associated trapping energy.

Fig. 11 (b) and (c) shows the Choo-Lee plots In (%) as a function of Ti [41] obtained for the two aged
p p

materials. The hydrogen concentrations obtained in the SA state were too low for this analysis to be
performed accurately. From the slope of the datasets of Fig. 11, it is possible to calculate the trapping

energies associated with each individual peak, for the two aged materials.
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Fig. 11. (a) Effect of heating rate on the TDS spectra (H1000 state) and Choo-Lee plots obtained for the (b)
H860 material and (c) H1000 material.

Four energies were calculated in H860 and H1000 materials (Table. 6.), and it appears that they are similar
between these two materials, meaning that the materials should contain the same kind of hydrogen traps.

The first energy of 14.5 kJ/mol is the activation energy for hydrogen lattice diffusion, which is in the range
of values found in the literature (see Table. 1). From this energy it is possible to evaluate the corresponding
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lattice diffusivity using equation (14) [60], where E; is the diffusion activation energy, A is the distance
between lattice sites, and v is the hydrogen vibration frequency.

_Ea

Diattice = v exp (ﬁ) (14)

Nagano et al. [97] found a A?v value of 4.2x10® m2/s in pure BCC iron. Assuming that this value is similar in
the PH13-8Mo steel studied here, and considering the activation energy of 14.5 kJ/mol determined from
TDS, we obtained a theoretical lattice diffusivity of 1.1x10%° m?/s at room temperature. This is in excellent
agreement with the diffusivity value that we measured using permeation on our reference Fe-12Cr material
(1010 m?/s).

The peaks numbered 2, 3 and 4 correspond to different traps. The trapping energies of peaks 2 and 3
correspond to rather reversible trapping at room temperature, and the trapping energy of peak 4
corresponds to nearly irreversible trapping according to previous studies [18].

Table. 6. Activation energy for hydrogen lattice diffusion and trapping energies found in the H1000 and H860
states by applying the Kissinger equation to the TDS spectra fitted with four Gaussian peaks.

Activation energy Trapping energy Trapping energy Trapping energy

Metallurgical state . for.H lattice (peak2) (peak3) (peak4)
diffusion (peak 1) [kJ/mol] [kJ/mol] [k)/mol]
[kJ/mol]
H1000 15.4 22.2 36.7 54
H860 13.5 25.1 35.7 45.3

3.4. Simulation of permeation tests

A numerical model of hydrogen diffusion and trapping, using 1D finite element method, was used to simulate
permeation curves. Contrary to the Kumnick and Johnson analytical model presented previously, this
numerical model can be used to assess the effect of several trap populations, with different binding energies
and trap densities.

Fig. 12 shows an example of the effect of trap density and trap energy on the permeation curves simulated
by a 1-trap model. The values of Diattice and Co,iattice Used are 1071° m?/s and 5.0x10% m3 respectively. It can
be seen that shallow (Eg = 20 kJ/mol, Fig. 12 (a)) and intermediate (Eg = 35 kJ/mol, Fig. 12 (b)) trapping has
similar effects on the permeation curve. However, shallow trapping (Es = 20 kJ/mol) only has an influence on
the permeation curve when the associated trap density is above 10%® m (Fig. 9 (a)), which is far higher than
the trap density measured in our materials. Deep trapping (Es = 50 kJ/mol, (Fig. 12 (c)) has a very strong
influence on the hydrogen exit time, even for a relatively low trap density. In addition, the rising transient
obtained are much steeper than with shallower traps. The decay transient is also affected: on the time scale
investigated here, the under-curve area is very limited for Eg = 50 kJ/mol as most of the hydrogen does not
desorb. However, a very slow desorption is observed for very long times.

The simulations presented in Fig. 12 show that the shape of the permeation curve (exit time, slope of the
rising and decaying transients, under-curve area) is strongly affected by the trapping parameters introduced
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into the model. Consequently, it is in principle possible to fit both the hydrogen exit time and the shape of
transients of an experimental permeation curve using a multi-trap model, as shown later.
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Fig. 12. Individual effect of traps of different binding energies on the simulated permeation
curves (Digttice = 10719 m?/s, Co,iattice = 5x10?3 m3). (a) shallow trapping, (b) intermediate
trapping, (c) deep trapping. The red dot on each curve corresponds to the beginning of the
desorption step.

Hydrogen concentration profiles can also be obtained from the model. Fig. 13 shows examples of trap
occupancy profiles during a permeation test for £z = 20, 35 and 50 kJ/mol and Nr = 10%> m3. At the end of
the rising transient (Fig. 13 (a)), it can be seen that the 50 kJ/mol traps are fully saturated, and that the
35 kJ/mol traps are starting to saturate as the corresponding profile is deviating from linear shape. The
20 kJ/mol traps on the other hand have a very low occupancy. At the end of the decaying transient (Fig. 13
(b)), the 50 kJ/mol traps are still close from saturation, which shows their nearly irreversible nature at room
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temperature. The 20 kJ/mol and 35 kl/mol traps however are reversible traps, as their occupancy diminish
strongly during the decaying transient.
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Fig. 13. Trap occupancy across the permeation sample for different binding energies, (a) at the end of rising
transient and (b) at the end of decaying transient (Diattice = 10°1° m?/s, Co,Lattice = 5x10%* m™3, Nr = 10%° m3 for
all traps).

In the following, some of the model input parameters were adjusted to fit the experimental permeation
curves. The fitting of permeation curves was performed using a one trap and a two traps model. The input
parameters are Digtice, Co,lattice, N. and two parameters for each trap population (a trap density N7 and a trap
binding energy Egi). In order to ensure the unicity of the set of parameters giving the best fit, some
constraints were introduced:

Diattice is fixed as the value measured on the reference Fe-Cr alloy (101 m?/s),
N, is fixed as the density of tetrahedral interstitial sites in the BCC matrix (5.08x10%2° m3),
Jss-e

Diattice
hydrogen flux in the stationary regime, and e is the specimen thickness,

Coattice is fixed as Co attice (modet) = Cojattice (experimental) = , Where Jss is the measured

Nri are constrained as Y Nr; = Nr (experimental) » Where Nrjexperimenta) is the total trap density

determined from the Kumnick and Johnson analysis of the experimental data (Fig. 9, Table. 4).
Egi can be freely varied.

An example of fits using either the one trap model or the two traps model is presented in Fig. 14. In all cases
the total trap density is Nr = 6.5x102°> m™3. In Fig. 14 (a), the one trap model with Eg = 37.5 kJ/mol gives the
correct exit time but the shape of the transients is poorly fitted, especially that of the decaying transient. On
the other hand, using Es = 34 kJ/mol, the shape of the transients is correctly simulated but the model does
not give the correct exit time. Fig. 14 (b) shows the results obtained using the two traps model. In this case,
it is possible to find a set of parameters Nri, Egz, N2 and Egz (obeying the constraints mentioned above) so
as to fit both the hydrogen exit time and the decaying transient shape.

In the example shown in Fig. 14, it is to be noticed that the fit of the rising transient is not as good as that of
the decaying transient. This observation was made in all the fits conducted in this study. It is assumed that
parasitic phenomena, such as evolution of surface oxides, may affect the shape of the experimental rising
transient during the permeation test. In all the fits conducted in this study, much attention was paid to the
exit time and the shape of the decaying transient, whereas the shape of the rising transient was considered
less important. So the fit is considered good when the exit time is correct and the shape of the decaying
transient is correctly described.
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Fig. 14. Fitting of a permeation curve (H1000 state) using a model accounting for hydrogen trapping: (a)
one trap model and (b) two traps model. Co jattice = 4.5x10%3 m3.
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Fig. 15. Fitting of permeation curves (H1000 state) using the two traps model. (a) Rising transients and (b)
decaying transients.

All the permeation curves of the three materials obtained at different charging currents were fitted using
the two traps model. Fig. 15 presents the fits obtained for the H1000 material and Table. 7 shows a summary
of the input parameters used for the three materials in all the charging conditions tested. It is remarkable
that, for a given material, the adjusted parameters Nri, N1z, Eg: and Eg; are practically unchanged for the
different charging conditions. In other words, a whole set of permeation curves obtained on a given material
can be fitted with the same material-related input parameters, i.e. by just varying the Cojatice Values. In
addition, very close values of binding energy were found for the three metallurgical states. On the other
hand, the trap densities are significantly less for the solution annealed material. In the three metallurgical
states tested, there is a majority (~85%) of intermediate energy traps (~35 kJ/mol) and a minority (15%) of
deep traps (~50 kJ/mol).
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Table. 7. Summary of the input parameters used to fit the experimental permeation curves using the
two traps model. Diatice is obtained from a permeation measurement on the reference Fe-Cr alloy.
Co,iattice is obtained from equation (12) using the steady state permeation current. Nt is taken from the
Kumnick & Johnson analysis. Nt1 and Ntz are constrained using Nti1+ Nt2= N7. We used a value of N, =
5.08x10%° m3 for the lattice sites concentration.

Fixed input values

Values adjusted with constraint

Values freely

_73 Charging adjusted
3 [ﬁ:r/r::;] Dittce  Coatice  Nr Nrs Nr2 Eos Esz
s [m?/s] [m?] [m?] [m?] [m?] [ki/mol]  [ki/mol]
-3000 7.2x10% 5.2x10% 1.3x10% 34.5 48
-1000 4.5x103 . 5.5x10% 0.8x10% 34.5 48.5
H1000 -1000 3.2x10% 3 5.3x10% 1.3x10% 34 48
-700 2.4x10% A 5.5x10% 1.2x10% 34 51
-100 1.6x10% © 5.7x10% 0.9x10% 34 50
-10 1.2x10% 5.9x10% 0.8x10% 34 50
(5.5+0.3)x10%  (1.0+0.2)x10%  34.2+0.3 49.3+13
-2000 3.2x10% 4.6x10% 1.0x10% 34 50
-1500 3.2x10% . 4.5x10% 1.0x10% 34 48
H860 -1000 2 2.6x10% 9 4.2x10% 1.4x10% 35 47
-400 = 2.5x10% & 4.3x10% 1.3x10% 39.5 53
-100 1.5x10% 0 4.7x10% 0.9x10% 34 49
-10 1.2x10% 4.9x10% 0.7x10% 33 49
(4.6+0.2)x10%  (1.0%0.2)x10%®  34+0.6  48.5+1
-2000 2.3x10% 8.0x10% 0.6x10% 38 50
-1500 2.5x10% o) 8.0x10% 0.6x10% 37.5 50
SA -1000 9.8x102 = 8.1x10% 0.5x10% 38 50
-400 1.1x10% o 8.0x10% 0.6x10% 38.5 50
-100 8.1x10% 8.0x10% 0.6x10% 37.5 50

(8.0£0.0)x10%*

(0.6£0.0)x102*

37.9+0.4 50+0.0
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4. Discussion

Consistent information about trapping sites density and trapping energies in three metallurgical states of
PH13-8Mo was obtained using experimental data from permeation and TDS.

A maximum trapping energy Er of about 53 kJ/mol has been found in H860 and H1000 states using TDS. On
the other hand, a maximum binding energy Es of about 49 kl/mol has been found in these states from the
simulation of permeation tests, which is consistent with TDS results. The Er value of about 36 kJ/mol (peak
3) for H860 and H1000 states found by TDS is also in good agreement with the Eg value of 34 kJ/mol found
by permeation simulation. The lowest trapping energy found using TDS (peak 2), of about 24 kJ/mol, cannot
be studied with permeation, as this energy is too low to have any effect on permeation curves. This is
because the trap occupancy of such traps is very low during our permeation tests according to the
simulations (see Fig. 13 (a)). We remind that the hydrogen charging conditions used in this study are different
for permeation specimens and TDS specimens. The lattice hydrogen concentration found in TDS (peak 1, Fig.
10. (c)) is about 102> m3 while it is only about 102> m™3 at maximum at the entry side of permeation specimens
considering equation (12), i.e. two orders of magnitude below pre-charged TDS samples. The occupancy of
traps depends both on their binding energy and on the lattice hydrogen concentration. Consequently, the
low energy traps may have a substantial effect on our TDS spectra (significant occupancy) while having
almost no contribution to our permeation curves (very low occupancy).

A comment is also due here about the comparison of trapping energies (Er in Fig. 1) obtained from TDS and
the binding energies extracted from the simulation of permeation curves (Eg in Fig. 1). For intermediate and
deep trapping in the H860 and H1000 states, the values of trapping (Table 6) and binding (Table 7) energies
are almost equal (Er = Eg = 35 kJ/mol for intermediate trapping and Er = Eg = 50 kJ/mol for deep trapping).
According to Eg. (1), this would suggest that the saddle point energy is very low, i.e. not higher than the
uncertainty of the trapping and binding energies determined here (a few kiJ/mol).

The microstructures of the three metallurgical states have been characterised to identify similarities and
differences. These materials display the same grain size and dislocation density, however they differ by their
precipitation state and austenite content, as summarised in Fig. 4. The trapping characteristics of the studied
materials can be linked to these microstructural elements.

Dislocations have a well-known trapping effect on hydrogen [18], both in dislocation core (deep trapping)
and dislocation strain field (reversible trapping, ~ 30 kJ/mol), resulting in different trapping energies (see

Table. 1). Wei et al. [15] studied hydrogen trapping in pure martensite (i.e. with no austenite and no
precipitates). They found a mean trapping energy of 33.9 kJ/mol associated with dislocations, which is close
from the binding energy of 37.9 kJ/mol that we found in the SA state of PH13-8Mo. They also found a
trapping capacity of dislocations of 6.3-14.4 H atom/nm. Another study by Mine et al. [13] on pure
martensite as well found that dislocations lines could trap 3.7 H atom/nm. We found a dislocation density
of 5.1 - 10 m~2 in the SA state, which could then trap 2.1-8x10%* H atom/m?3 according to the results of
these two studies. Using the Kumnick and Johnson analysis, we found a trap density of 8.6 - 102* m~3 in the
SA state, which is then consistent with trapping by elastic field of dislocations. Therefore, dislocations could
be the main microstructural feature responsible for hydrogen trapping in the non-aged state of PH13-8Mo.

Precipitates are also known to be effective trapping sites for hydrogen. The trapping of hydrogen on
precipitates/matrix interface has been studied [24] and mainly relies on the creation of geometrically
necessary dislocations (GND) accommodating semi-coherent or incoherent interfaces. However, considering
the small size of the NiAl precipitates and their coherency with the matrix (interface misfit of only 0.7%), the
creation of GNDs at precipitates/matrix interface is not expected here. Some hydrogen can also be trapped
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in the elastic fields generated by precipitates [4,24,98,99]. The elastic fields are associated with low energy
traps (see Table 1). According to previous works [21,98], the binding energy can be approximated as g,,, X
Vy, where o,, = K¢,,,, with g,,, and &, the hydrostatic stress and strain respectively, K the bulk modulus
(160 GPa) and Vy the partial molar volume of hydrogen in the material (1.8 10® m3/mol). The hydrostatic
strain is maximum at the matrix-precipitate interface and is given by &,, = 26/3 [98], with § is the lattice
misfit. Considering 2.7% as an upper limit of §, a maximum binding energy of 5 kJ/mol of hydrogen in the
elastic fields of precipitates is obtained, which is significantly smaller than the energy corresponding to peak
2 of TDS. So we suppose that this peak does not correspond to trapping by elastic fields of precipitates.

Finally, hydrogen could be trapped in constitutional vacancies, which can form abundantly when the
composition of an ordered phase (the B2-NiAl precipitates here) deviates from stoichiometry [100].
Takahashi et al. [27] studied the hydrogen trapping in constitutional vacancies of vanadium carbides in a
precipitation-hardened ferritic steel, using TDS and atom probe tomography. It appears that hydrogen is not
trapped in the bulk of the precipitates, because the saddle point energy is too high for hydrogen to enter the
bulk constitutional vacancies. On the other hand, some hydrogen was trapped in constitutional vacancies
close from the precipitate/matrix interface. The corresponding trapping energy was measured to be about
60 kJ/mol, which is slightly higher than the trapping energies reported for “conventional” vacancies in steel
(see Table. 1). Ma et al. [26] studied hydrogen trapping in several coherent nano-precipitates, using DFT
calculations. It was also concluded that hydrogen could be trapped in structural vacancies if those are located
close from the precipitate/matrix interface. The authors found out that constitutional vacancies in B2-NiAl
could be deep traps if they are located directly on the precipitate/matrix interface (Es = 45-57 kJ/mol). In
conclusion, the B2-NiAl precipitates in PH13-8Mo are not supposed to contribute strongly to the hydrogen
trapping, especially concerning the intermediate trapping. Nevertheless, it cannot be excluded that the
constitutional vacancies of these precipitates have a contribution to the deep trapping observed. Such
contribution, however, is hard to quantify in the scope of this study because only a slight increase of
hydrogen content associated with peak 4 was observed with the addition of precipitates.

The austenitic phase can also contribute to hydrogen trapping, either as bulk trapping or by trapping at the
austenite/martensite interface. When comparing the austenite contents in the three metallurgical states
(see Fig. 4 and Table 3) and the corresponding trap densities measured using permeation tests and
simulation (see Table 4 and Table 7), it appears that the increase in trap density is mainly correlated to the
increase in austenite volume between the SA and H860 states, while it is not between the H860 and H1000
states. Thus, the volume of austenite is not the only parameter influencing hydrogen trapping. Therefore,
the effect of hydrogen trapping at the austenite/martensite interface should be considered. Fielding et al.
[35] studied the effect of austenite content on hydrogen penetration in bainitic steels containing various
amounts of austenite, with either a lath-like morphology or a blocky morphology. The authors deducted that
the austenite morphology has a very strong effect on the penetration of hydrogen into the steel, the lath-like
morphology causing a far more important decrease in hydrogen apparent diffusivity than the blocky
morphology. Our analyses suggest that the retained austenite in PH13-8Mo mainly consists of inter-lath and
intra-lath islands. On the other hand, we observed reverted austenite mainly as thin inter-lath layers. These
layers were about 10 nm thick in the H1000 state. A simple calculation, shown earlier, considering the
austenite volume fraction, martensitic lath size, and austenite layer thickness, suggested that reverted
austenite forms homogeneously on all lath boundaries during ageing. In the SA state, the material contains
a small volume fraction of retained austenite. Moreover, the retained austenite displays a small surface to
volume ratio due toits island morphology. Therefore, the austenitic phase in the SA state has a low hydrogen
trapping effect, both in the bulk and at the austenite/martensite interface. Ageing the material in the H860
condition led to a small increase in austenite content, but to a strong increase in trap density. The reverted
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austenite that formed in the H860 state has a high surface to volume ratio due to its layer morphology,
resulting in a high trapping capacity at the austenite/martensite interface despite the overall limited volume
of reverted austenite. The increase in austenite content between the H860 and H1000 states is similar to the
one between the SA and H860 states. However, in the H1000 state the trap density measured in permeation
is not significantly higher than the one measured in the H860 state. Supposing that the reverted austenite
forms homogeneously on all lath boundaries, as suggested before, it can be considered that very thin layers
of reverted austenite are already formed on all lath boundaries in the H860 state. Then, the increase in
reverted austenite content in the H1000 state would be the result of the thickening of these layers, and not
the result of the formation of new layers. Therefore, the increase in austenite volume between the H860
and H1000 states would result in a negligible change in the total austenite/martensite interface area,
accounting for the almost unchanged trap density measured using permeation. A similar trend was reported
by Fielding et al., who observed that once the austenite layers are developed enough to percolate with each
other a further increase in the austenite content had little effect on hydrogen apparent diffusivity in the
material.

We previously estimated a lath boundary density of 2.5 - 10 m™!. Considering reverted austenite presence
on all lath boundaries would then lead to an austenite/martensite interface density of 5-10° m™1. If we
consider a trapping ability of one hydrogen atom per Burgers vector squared in the austenite/martensite
interface [12], the austenite/martensite interface in the aged materials would correspond to a trap density
of 6.1 - 102> m~3. From the Kumnick and Johnsons analyses, the increase in trap density compared to the
SA state (which contains no reverted austenite) is of 4.7 - 102> m~2 for the H860 state and 5.6 - 102° m™3
for the H1000 state (see Table.4). This is in good agreement with the previous value estimated from
microstructural considerations. Consequently, we consider that the austenite/martensite interfaces are the
main hydrogen trapping site responsible for the modification of permeation curves between the SA state
and the aged states. These interfaces would correspond to a majority of intermediate traps and a minority
of deep traps. The intermediate energy (Es = 35 kJ/mol) and deep trapping energy (Es = 50 kJ/mol) are in the
range of energies obtained by other authors for the trapping on grain boundaries [12,72,76]. The
interpretation that intermediate trapping is related to austenite/martensite interfaces is also consistent with
the dependence on ageing treatment of peak 3 of TDS (Fig. 10 (c)) showing a strong variation of the hydrogen
concentration in intermediate traps between SA and H860 states and a more limited variation between H860
and H1000 states.

Eventually, even if bulk trapping in the austenitic phase does not seem to be relevant in the materials studied
here, one must consider that the corresponding trapping/binding energy might simply be too low for us to
qguantify such traps using permeation tests, as explained before. Indeed, studies suggest that austenite bulk
trapping is associated with binding energies in the range 10 to 20 kJ/mol with respect to the
martensitic/ferritic matrix [76,101]. Hence, the observed intensification of peak 2 of TDS with rising ageing
temperature (see Fig. 10 (c)) might be associated with bulk trapping in retained/reverted austenite. On the
other hand, Turk et al. [102] performed a detailed study of hydrogen bulk trapping in austenite, and
concluded that it cannot be rightly described as point traps under the assumption of local equilibrium.
However, the size of the austenite islands in their study was in the micrometre range. In contrast here, the
thickness of austenite layers is of the order of 10 nm only. Considering a diffusion coefficient of about
101> m?/s [103] in austenite, the time needed for hydrogen to travel 10 nm is as short as 0.1 s, which is
orders of magnitude shorter than the permeation times measured in this study (or than the charging times
used before TDS). Thus it seems reasonable in our case to assume that austenite is equilibrated with the
surrounding martensite at any time.
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5. Conclusions

In this study, the hydrogen trapping behaviour of a PH13-8Mo maraging stainless steel was investigated
using electrochemical permeation and TDS, as well as numerical simulation of permeation. Different
metallurgical states of the material were studied, and their microstructural similarities and differences were
clearly identified. Eventually, the hydrogen trap densities and trap energies were quantified and associated
with specific microstructural features. Using this unique combination of experimental and modelling
approaches, and a significant amount of experimental data, new results and/or confirmation of assumptions
proposed in literature could be obtained:

The solution annealed material contains no B2-NiAl precipitates nor reverted austenite. Its
martensitic structure contains a high dislocation density, and a majority of low angle boundaries,
such as lath boundaries, which behave as dislocation walls. In this state, the identified trap
population mainly consists of intermediate energy traps (~35 kJ/mol). The trap density and the
trap energy are in good accordance with trapping by dislocations. A little amount of retained
austenite was identified but had no significant impact on trapping.

The ageing of the material, leading to formation of B2-NiAl precipitates and reverted austenite,
caused a strong increase in trap density, while the dislocation density was not affected. Permeation
showed the existence of a majority of intermediate energy traps (~35 kJ/mol), with a minority of
deep energy traps (~50 kJ/mol). Further ageing of the material led to an increase in reverted
austenite content, that had limited effect on intermediate and deep trapping.

The analysis of B2-NiAl precipitates led us to conclude that their trapping capabilities are very low,
as suggested by other studies. Thus, the increase in trap density consecutive to ageing is not
believed to be caused by this microstructural feature. However, it cannot be excluded that the
constitutional vacancies of B2-NiAl located close to the precipitate/matrix interface have some
contribution to the deep trapping of hydrogen (~50 kJ/mol).

The analysis of reverted austenite revealed that this phase is very finely spread inside the material
microstructure. This results in a high density of austenite/martensite interfaces which is well
correlated with the increase in trap density observed after ageing. The observed intermediate and
deep trapping energies are consistent with trapping by grain boundaries, which makes sense in the
case of trapping by austenite/martensite interface. Moreover, the morphology of reverted
austenite, present as inter-lath layers, implies that an increase in the phase volume will result in a
negligible increase in interphase boundary area. We observed no significant difference in
intermediate and deep trap density between the two aged states of the material, which yet contain
different amount of reverted austenite. Thus, we concluded that intermediate trapping (~35
kJ/mol) and deep trapping (~50 kJ/mol) mainly occurs on the austenite/martensite interfaces, and
not in the bulk of reverted austenite.

While permeation and TDS results are in good agreement, the analysis of TDS data revealed an
additional trap population, associated with a shallow energy. We were not able to quantify these
traps using permeation, as they have a very low influence on permeation curves because of their
low binding energy. Estimation of the hydrogen concentration in these traps using TDS reveals that
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it increases between the two aged states. This observation, as well as the measured trap energy
(~20 kJ/mol), seems consistent with trapping in the bulk of reverted austenite.
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8. Appendix

The Fe-12Cr model alloy was produced in the laboratory, with a very low impurity content as shown in Table.
1. The material was produced in the as-forged state, with a high dislocation density. In order to reduce the
amount of hydrogen traps due to lattice defects, the material was then annealed at 850°C during 4h followed
by slow cooling inside the furnace. The annealed material has a lower dislocation density and a larger grain
size, which was measured to be 350 um using chemical etching (Vilella’s reagent) and optical microscopy. As
shown in Fig. 16, the annealed material shows a coarse grain ferritic microstructure.
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Fig. 16. Optical micrograph of Fe-12Cr in the annealed state after etching.

Permeation tests were performed on this Fe-12Cr model alloy in order to measure the hydrogen diffusivity
in a very pure BCC alloy with a chromium content close to that of PH13-8Mo. Because of the higher hydrogen
diffusivity in such material compared to PH13-8Mo, thicker samples were used (1.5 mm). A charging current
density of -1000 pA/cm? was used until the permeation current reached a steady state. The rising
permeation transients of the as-forged and annealed states are presented in Fig. 17. It can be seen that the
hydrogen exit time is much shorter for the annealed sample compared to the as-forged sample, thus
confirming the effect of annealing on hydrogen trapping. The hydrogen apparent diffusivity in the two
material states were measured using:

eZ

Dapp = =————
PP 25 -ty (15)

Where e is the sample thickness (1.5 mm) and ti4 is the duration required to reach 1% of the steady state
current density. The values of ti% and Dgpp are given in Table. 8. A hydrogen apparent diffusivity of about
1071% m?/s was found in the annealed material. Considering that the annealed state of the Fe-12Cr model
alloy has both a very low amount of lattice defects and a chromium content similar to that of PH13-8Mo,
this value of apparent diffusivity is considered to be very close to the lattice diffusivity in the martensitic
phase of PH13-8Mo. Thus, a hydrogen lattice diffusivity value of 10"*° m?/s was used in this study to model
hydrogen diffusion and trapping in PH13-8Mo.
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Fig. 17. Permeation rising transients of the Fe-12Cr model alloy in the as-forged state and after annealing
(charging current density -1000 uA/cm?2).

Table. 8. Values of ti1% and Dqpp measured in the two states of Fe-12Cr model alloy from the permeation rising

transients.

State t1s% [s] Dapp [mZ/ s]
As Forged 34300 2.6x10°%2
Annealed 930 9.7x1011

9. Data availability statement

The raw and processed data required to reproduce these findings are available from the corresponding
author upon request.
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