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A B S T R A C T

Advanced (ultra)high-strength steels that utilise bcc-fcc microstructures are appealing solutions for producing a
combination of high strength and deformability. However, they are also susceptible to hydrogen embrittlement
(HE). As larger less stable retained austenite (RA) can impair mechanical performance, its size and morphology
are critical factors for achieving and maintaining the desired properties. Here, we present a combined exper-
imental–density functional theory (DFT) study on HE with medium-carbon direct-quenched and partitioned
(DQ&P) martensitic steels with varying vol% and film-thickness of RA, showing significantly improved HE
resistance as a function of bcc-enrichment and increasing RA film-thickness. DFT reveals low attraction of
hydrogen in bcc-Fe with Al, implying a stronger push towards fcc. Furthermore, the solubility of hydrogen in-
creases dramatically with the carbon-enrichment of fcc-Fe when hydrogen and carbon are second neighbours.
The theoretical results explain the observed differences in hydrogen diffusion, trap density, and the consecutively
lower HE in Al-DQ&P over Si-DQ&P. Our combined experimental and theoretical study thus highlights the
important interplay of bcc and fcc phases and H-uptake within austenite-containing carbon steels.

1. Introduction

Hydrogen (H) diffuses relatively fast but has a low solubility in body-
centred cubic (bcc) ferrite. On the contrary, H diffusion is extremely
slow in face-centred cubic (fcc) austenite, but at the same time, it can
hold several orders of magnitude more H than bcc iron. Microstructures
comprising of bcc/near-bcc lath-martensite and a moderate fraction of
stabilised retained (or residual when unintentional) austenite (RA) for
transformation-induced plasticity (TRIP) have been successfully utilised
with low-alloyed 3rd generation advanced (ultra)high-strength steels
(AHSS) to improve ductility and toughness [1,2] over essentially
martensitic ultrahigh-strength structural steels (UHSS) [3]. An example
of these are lean-alloyed direct-quenched and partitioned (DQ&P) steels
[4–6], which combine energy-efficient single-stage heating and
hot-rolling with interrupted quenching followed by an immediate par-
titioning step for carbon-enrichment in austenite. DQ&P steels can

achieve 2 GPa tensile strength levels combined with good elongation
and excellent low-temperature impact toughness with carbon contents
between 0.2 and 0.3 wt% [4,6,7].

These steels used as structural components are prone to environ-
mental corrosion and corrosion-induced hydrogen ingress [8,9], which
exposes them to hydrogen embrittlement (HE). Because as-quenched
and quenched & tempered martensitic steels are extremely susceptible
to HE, efforts have been directed towards mitigating HE with increased
RA fractions [10–12]. Earlier studies have highlighted the importance of
RA coverage for preventing hydrogen from percolating around isolated
RA islands [13,14]. Generally, an increased fraction of RA decreases the
rate of hydrogen diffusion and increases the number of trapping sites
[13–16]. However, many studies show that the presence of RA did not
reduce the susceptibility to HE, with examples from CrMo steels [17,18],
TRIP steels [11,19,20], supermartensitic stainless steels [21],
dual-phase steels [19,22], quenched & partitioned steels (Q&P) [12,
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22–29], and medium-Mn steels [15,30]. The reason for this suscepti-
bility lies in the mechanical stability and size of RA, and how large a
defect/microcrack seed is formed when RA transforms into brittle
martensite. The stability of RA can be affected by, e.g., alloying (carbon,
manganese, molybdenum) and with reduction of the size of RA [31,32].
Thus, increasing RA vol% increases HE susceptibility due to the growing
size of the blocky RA [12,16,22–24,27–29]. With high-RA medium-Mn
steels, increasing RA vol% mitigated HE [15], but it can as well increase
HE due to different activating failure mechanisms on the bcc-fcc in-
terfaces [30]. An alternative approach would be to maximise the volume
fraction and surface area of the film-like retained austenite, whose
thickness ranges typically from 10 to 120 nm [16,28,29,33,34]. To
achieve this while preventing the formation of large blocky RA, prior
austenite grain deforming thermomechanical practices are a viable op-
tion [35].

The individual underlying HE mechanisms are challenging to eluci-
date experimentally due to the complexity of these microstructures,
which can bring out various combined effects on different size scales. In
contrast to this, atomistic simulations can provide insights into
hydrogen interactions with individual microstructural features, thus
gaining fundamental understanding for mitigation of HE [36,37].
Hence, the ab-initio simulation techniques based on quantum mechan-
ical approaches are ideal for understanding hydrogen interactions with
underlying microstructural features. In this regard, Density Functional
Theory (DFT) calculations can provide reliable descriptions of hydrogen
solubility under different circumstances [38–40].

So far, the effect of film-like only RA in the absence of larger blocky
RA on HE susceptibility has not been investigated. Thus, this study
combines in situ hydrogen-charged slow-strain rate tensile testing with
thermal desorption spectrometry on martensitic and martensitic-
austenitic steels with varying Al/Si alloying to quantify HE as a func-
tion of RA fraction and film thickness. Through microstructural char-
acterisation, fractography, and DFT calculations, the behavioural
differences and the role of austenite film thickness and elemental ad-
ditions with regard to making AHSS more resistant to HE are explained,
and exceptional resistance against HE at 2 GPa strength levels is shown.

2. Materials & methods

2.1. Materials

The study materials are laboratory-made medium-carbon direct-
quenched and partitioned steels alloyed with aluminium (Al-DQ&P) or
silicon (Si-DQ&P), and a less RA-containing reference material direct-
quenched to room temperature (Si-DQ). Their chemical composition
and basic properties are given in Table 1. The lower Si-content of the Al-
DQ&P is balanced with an increase in Cr to provide similar level of
hardness with the Si-DQ&P. The steels were made by homogenising
blocks in a furnace at 1200 ◦C for 2 h, then laboratory hot-rolling into 12
mm thick plates with a 1 MN Carl Wezel 2-high rolling mill, first with
four controlled recrystallisation rolling passes with 0.2 strain above the
non-recrystallisation temperature, and then four consecutive 0.2 strain
passes below 925 ◦C with a finish-rolling temperature of ~820 ◦C. After
the final pass, the DQ&P steels were immediately quenched in water
with an average cooling rate of 62 ◦C/s to just above a quench-stop
temperature of 175 ◦C, final few ◦C cooled in air if needed, at which

they were transferred to a large-mass furnace preheated to the same
temperature, where the DQ&P plates cooled to room temperature over
~50 h, mimicking slow cooling of coiled strips (same casts and pro-
duction practice as in Refs. [4,5]). A direct-quenched reference material
(Si-DQ) was hot-rolled the same way, but with quenching directly to
room temperature after the last rolling pass.

2.2. Experiments and characterisation

Slow strain rate tensile (SSRT) tests were performed in air and under
continuous electrochemical hydrogen-charging after pre-charging
within the same setup. Rectangular SSRT specimens (Fig. 1 a) were
wire-cut by electrical discharge machining to 300 mm long specimens
with the gauge part sized 1.0 mm × 5.0 mm × 20 mm (thickness ×

width × length). All specimens were polished mechanically, finishing
with 1200 grit emery paper.

In the case of SSRT tests under hydrogen-charging, the specimens
were Teflon taped to expose only the gauge part to hydrogen charging.
To introduce varying concentrations of hydrogen (CH), the specimens
were electrochemically pre-charged in 3 % NaCl with adjusted ammo-
nium thiocyanate (NH4SCN) content between 0.1 and 0.3 %, the applied
electrochemical potential between − 1.0 and − 1.2 VSCE, and the pre-
charging time between two and 4 h. Two-hour pre-charging time was
experimentally determined to provide near-homogeneous distribution
of hydrogen across the thickness of the specimen’s gauge part. All the
hydrogen-charging parameters are given in Appendix A.

The tensile tests were conducted on a 30 kN MTS benchtop tensile
test machine (Fig. 1 b) at an initial strain rate of 10− 4 s− 1 until fracture
with the engineering strains determined using the cross-head displace-
ment, and true fracture strains were determined from the fracture sur-
face area. To exclude the effect of total flexure of the tensile machine,
engineering strain is reported with plastic strain values. After fracture,
the gauge parts of the tensile specimens were cut into two parts with
pliers. The first was cut for hydrogen concentration measurement, and
the second was cleaned and stored in a vacuum chamber for fractog-
raphy. The hydrogen embrittlement indexes (HEI) were determined
based on reduction in area HEIA., Eq. (1), and loss of elongation HEIE.,
Eq. (2), where AR = area reduction (in air), ARH = H-charged area
reduction, EL = loss of elongation (in air), and ELH = H-charged loss of
elongation:

HEIA. =
AR − ARH

AR
× 100% (1)

HEIE. =
EL − ELH

EL
× 100% (2)

CH measurements were performed with thermal desorption spec-
troscopy (TDS) after the SSRT tests. The specimens were cleaned with
distilled water followed by drying with helium gas flow to prevent any
formation of moisture on the specimen surfaces before measurements.
The measurements of the partial pressure of hydrogen were performed
in the ultra-high vacuum (UHV) chamber (1 × 10− 9 mbar) coupled with
a mass spectrometer. The total time from the end of the tensile test to the
furnace in the UHV chamber did not exceed 9 min. All TDS measure-
ments were performed at a heating rate of 10 K/min, and the CH values
were calculated by integrating the area under the desorption rate and
temperature curve.

Table 1
Chemical composition (wt%), hardness, and tensile properties as tested with Ø6 mm round bars in Ref. [4] (HV10= Vickers hardness, σys= yield strength, σts= tensile
strength, A = elongation).

C Si Mn Al Cr HV10 [4]: σys
[MPa]

[4]: σts
[MPa]

[4]: A
[%]

Al-DQ&P 0.30 0.56 2.00 1.10 2.20 537 (±5) 1320 1910 12
Si-DQ&P 0.29 0.99 1.91 0.01 1.00 534 (±5) 1200 1870 12
Si-DQ 0.30 0.99 1.86 0.01 1.01 628 (±5) 1480 2100 10

S. Pallaspuro et al.
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Electrochemical permeation (EP) was performed using an in-house
Devanathan-Stachurski cell setup according to the procedure pre-
sented in Ref. [41] to calculate the hydrogen diffusion coefficient (D)
using the refined successive transient method [42], reported D values
are averages from the four transients, and reversible trapping site den-
sity (NT) was estimated based on the area difference between the
experimental and theoretical transient [43]. Both cells were filled with
the same 0.1 M NaOH electrolyte with Hg/HgO reference electrode and
mixed metal oxide (MMO) mesh counter electrode, potential was varied
between − 1.1 and − 1.2 V for the successive transients, and specimens
were ~0.7 mm thick with a 1 μm Pd-coating.

The microstructures were characterised using electron microscopy
and X-ray diffraction (XRD). The as-made microstructures and fracture
surfaces were characterised with Zeiss Sigma FESEM equipped with an
electron backscatter diffraction (EBSD) detector and EDAX-OIM soft-
ware. EBSD scans were acquired using 15 kV acceleration voltage and
0.05 μm step-size from ion-milled surfaces. Ion-milling was done with
JEOL IB-19520CCP cooling cross-section polisher in four refining stages,
starting with 8 kV and 270 μA for 4 h, and ending with 3 kV and 38 μA
for 8 h. It provided superior EBSD image quality over electrolytic pol-
ishing and standard mechanical polishing practice with the last step
consisting of colloidal silica gel. Inclusions were mapped with energy-
dispersive spectroscopy (EDS) at 15 kV acceleration voltage and 3.5
nA probe current, and classified according to Ref. [44] with minimum
inclusion size of 1 μm. Microstructural sub-grain characteristics were
investigated with JEOL 2200FS EFTEM operated at 200 kV from thin
lamellae extracted from the small sections using focused ion beam, and
both bcc lath and fcc film thicknesses were determined from several
different thin foils and images for statistical representability. On
average, 49 measurements were recorded for each parameter reported
in Table 2. The crystallographic properties and retained austenite con-
tents were measured with Rigaku SmartLab 9 kW XRD equipped with a
Co anode, and analysed using Rietveld refinement for bct and fcc
structures with PDXL2 software. Average carbon contents in retained
austenite (CRA) were estimated with the method proposed by Dyson and
Holmes [45].

2.3. Theoretical calculations

DFT based simulations were carried out by employing the plane

wave-based pseudopotential code, Vienna Ab initio Simulation Package
(VASP) [46–48]. Projected augmented wave (PAW) based pseudopo-
tentials were used to describe the interactions between core and valence
electrons. The electronic exchange and correlation interactions were
described using the generalised gradient approximation (GGA), within
the Perdew− Burke− Ernzerhof (PBE) formalism [49]. We employed a
cut off energy of 520 eV to expand the plane waves included in the basis
set, and respective energy and force tolerances of 1 × 10− 6 eV and 1 ×

10− 3 eV/1 × 10− 10 m to achieve the required convergence. The super-
cell approach was used to model the studied systems taking periodic
boundary conditions into account. All the supercells were subjected to
full volume relaxation including spin polarisation effects. For both bcc
and fcc Fe supercells, a Gamma centred k-point grid of 2 × 2 × 2 was
employed. To account for the magnetism, the ferromagnetic state was
considered for bcc-Fe and the antiferromagnetic double layer (AFMD)
for fcc-Fe.

A 4 × 4 × 4 bcc-Fe supercell was considered, whose base structure
contains 128 atoms, and H was introduced at the tetrahedral position
(Hint). Octahedral site was checked for Hint as well, but tetrahedral po-
sition was the energetically preferred one for bcc-Fe, as expected.
Further, 3 × 3 × 3 fcc-Fe supercell with 108 atoms was considered in
which an H atom was introduced at the octahedral position (Fig. 2 a) to
compare the preference of formation of H interstitial between bcc and
fcc Fe, also with a carbon (C) atom in fcc-Fe as first nearest neighbour
(Fig. 2 b) and second nearest neighbour (Fig. 2 c) to H. The formation
energies Eform are calculated using Eqs. (3) and (4) as given below:

Eform(bcc / fccFe+ x)=Etotal(bcc / fcc Fe+ x) − Etotal(bcc / fcc Fe) − μ(x)
(3)

Eform(bcc Fe+ Al/Si+ H) = Etotal(bcc Fe+ Al/Si+H)
− Etotal(bcc Fe+ Al/Si) − μ(H) (4)

In the general form of Eq. (3), the first Etotal represents the total
energy of a bcc/fcc Fe supercell with impurity atoms (i.e., x = H and/or
C), the second the total energy of the pristine bcc/fcc Fe supercell, and
μ(x) represents the chemical potentials of the impurity atoms i.e. H and/
or C. Eq. (4) is for doped bcc/fcc Fe supercells, here containing either Al
or Si as substitutional atoms and H as interstitial atom. The chemical
potentials of the elements are calculated from the corresponding bulk
energies. For the chemical potential of H, the total energy of the

Fig. 1. a) the schematic presentation of the tensile specimens, and b) the test setup.

Table 2
Crystallographic properties (XRD) with fcc film and bcc lath thicknesses from TEM investigations (RA = retained austenite, CRA = average carbon content in RA, bcc/
fcc = body/face -centred cubic crystallographic structure, c/a = bcc tetragonality).

RA (fcc) [vol%] fcc film thickness [nm] Avg. CRA [wt%] bcc lath thickness [nm] bcc c/a

Al-DQ&P 9.4 (±0.2) 67 (±19) 0.63 (±0.02) 148 (±66) 1.0076
Si-DQ&P 9.2 (±0.3) 36 (±14) 0.68 (±0.03) 165 (±49) 1.0078
Si-DQ 2.8 (±0.1) 13 (±4) 0.38 (±0.02) 176 (±73) 1.0084

S. Pallaspuro et al.
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hydrogen molecule is calculated, and the H atom energy is deduced from
that. The chemical potential of C is calculated from the total energy of
bulk graphite.

3. Results

3.1. Microstructural characterisation

Si-DQ steel has an auto-tempered lath-martensitic microstructure
with a small fraction of very fine inter-lath residual austenite (RA, Fig. 3
a-b), which follows the conventional Kurdjumov-Sachs relationship

(111)γ//(011)α’. The microstructures of the DQ&P steels consist of a
mixture of low-temperature tempered near-bcc lath-martensite, which
has carbon-precipitates due to partial low-temperature tempering dur-
ing partitioning, and a pronounced fraction of film-like intentionally-
produced RA (Table 2, Fig. 3 c-e). Fig. 3 c) show the lath-like micro-
structures with RA locations highlighted in green. The DQ&P steels
contain also similar nano-twinned bcc regions, absent in DQ, but these
were omitted here from further analysis. Direct-quenched Si-DQ has a
residual austenite (RA) fraction of 2.8 vol%, which increases to 9.2–9.4
vol% with interrupted quenching and partitioning at 175 ◦C, and
without significant difference between the Al/Si alloying (Table 2). In

Fig. 2. 3 × 3 × 3 supercells for fcc-Fe (golden) with a) Hint (blue) at the octahedral position, b) Hint as the first nearest neighbour of a Cint (yellow), and c) Hint and
Cint as second nearest neighbours. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Microstructure of a) essentially lath-martensitic Si-DQ in EBSD image quality map, b1) bright field TEM image of the lath structure, b2) dark field image of
inter-lath residual austenite exited with a 022 fcc spot. Martensitic-austenitic microstructures in c) in image quality map of Al-DQ&P with retained austenite locations
shown in green, Si-DQ&P laths and RA films in d1)-d2), and Al-DQ&P with thicker RA films in e1)-e2). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

S. Pallaspuro et al.
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Table 2, the thicknesses of fcc films and bcc laths are obtained from TEM
investigations, and the rest from XRD data analysis. Similarly, fcc film
thickness increases threefold with partitioning from Si-DQ to Si-DQ&P,
and this associates to partial decrease in bcc lath thickness. Interestingly,
a further almost twofold increase in fcc film thickness occurs with
switching to Al-based alloying, changes in bcc lath thickness (Al vs Si)
being in line with this change, and slightly lower average carbon content
CRA compensating this volumetric expansion. None of the microstruc-
tures contain large blocky retained austenite, as the largest individual
low-CI indications of retained austenite islands in DQ&P steels are below
the effective grain size of ~0.7 μm (0.2 μm threshold for EBSD data).

3.2. In situ hydrogen-charged tensile tests and thermal desorption
spectrometry

The slow strain rate tensile test results with the TDS-determined
hydrogen concentrations CH (Fig. 5) are summarised in Table 3 and
Fig. 4, and the used hydrogen-charging parameters are presented in
Appendix A. The steels have a residual hydrogen concentration of ~0.2
wppm, which is marginally higher for Al-DQ&P (0.25 wppm). The steels
tested in air reach 1.9–2.1 GPa tensile strength σts level, 2.6–2.9 GPa true
fracture stress σf, and true fracture strain εf of ~0.50. The direct-
quenched and partitioned steels have ~200 MPa lower strength values
than Si-DQ, generally being in line with the results with 6 mm thick
round tensile bars in Ref. [4]. Both DQ&P have similar tensile behaviour
as tested in air

All three steels show linear degradation of properties within the
given dataset as a function of total hydrogen concentration CH (Fig. 4 d-
f), which consist of both pre-charged hydrogen and uptake during the in
situ SSRT tests. However, their behaviour and performance differ
dramatically. The low-RA Si-DQ performs the worst, while an increase in
RA vol% via partitioning improves the tolerance to hydrogen, however,
only slightly within the same alloy (Fig. 4 d-f). Based on the trends, true
fracture stress σf of Si-DQ drops to 1.5 GPa already with CH ~1.6 wppm,
while at same σts level Si-DQ&P tolerates ~2.5 wppm, and Al-DQ&P
over twice that with ~6.1 wppm (Fig. 4 d). At maximal measured CH of
~5.7 wppm, Al-DQ&P reaches still a true fracture strain εf of 0.15. The
same trend continues with area-based hydrogen embrittlement index
HEIA. – it takes 2.7 x CH before Al-DQ&P is embrittled to the same degree
as DQ&P, and 4.5 x CH when compared to the low RA-containing direct-
quenched Si-DQ (Fig. 4 f).

The TDS results are summarised in Fig. 5. The unstrained specimens
accumulate approximately 1 wppm of H during pre-charging, slightly
more with higher RA content (Fig. 5 a). The decreasing initial curves
below 100 ◦C come from the most readily effusing interstitial/lattice
hydrogen, and the broad main peak (1) at ~190 ◦C, 183 ± 6 ◦C for Al-

DQ&P and 208 ± 8 ◦C for Si-DQ&P, from weakly hydrogen trapped
hydrogen at dislocations, lath interfaces and grain boundaries, and the
pre-existed retained austenite transformed into strain-induced
martensite during SSRT testing [50].

A minor high-temperature area (2) around ~410 ◦C is present in all
the materials (Fig. 5). This area (T > 300 ◦C) of pre-charged specimens
(Fig. 5 a) sums to ~0.07 wppm CH (Fig. 5 a), and after each SSRT test it
varies in the range of 0.1–0.2 wppm irrespective of thematerial (Fig. 5 b-
d), so the hydrogen build-up is detected mainly in the first main peak
(1). The high-temperature area splits into possible smaller peaks at
~350 ◦C, ~410 ◦C, and ~490 ◦C. These relate to hydrogen in RA (Ea
48–55 kJ/mol [50–52]), likely at RA film interfaces [40–42], and the
splitting is likely due to partial transformation of RA [34]. As this peak is
present also after the SSRT tests, which consume RA below the lab XRD
quantification limit (<1.0 vol%) [4], sampling of the cut pieces for TDS
may still contain some untransformed RA further away from the necked
failure zone. Complementing explanations of lower vol% present can be
inclusions and carbides; bcc-Fe/Fe3C interface (Ea of 68 kJ/mol [10,
53]), aluminium nitrides (AlN interface Ea ~65 kJ/mol [54]) present in
the Al-DQ&P, and manganese sulphides (Ea 72 kJ/mol [55]) present in
all three materials. However, verification and quantification of these
will require further measurements outside the scope of this study.

The permeation results show that hydrogen diffusion is significantly
slower in Al-DQ&P than in the Si-variants (Fig. 6 a). Higher RA film
thickness and alloying differences contribute to this ~46 % decrease in
D (Al-DQ&P vs. Si-DQ&P), and the 6.6 vol% increase in RA attributes to
the ~26% decrease in D (Si-DQ&P vs. Si-DQ). All the studymaterials are
on the lower bound as compared to diffusion coefficients presented in
the literature.

The trap densities (NT) follow an inverse trend compared to diffusion
coefficients: Al-DQ&P has the highest NT, followed by Si-DQ&P and Si-
DQ. This difference between DQ&P steels is largely accounted to the
abovementioned differences in RA and precipitates/inclusions, and
partly elemental differences in bcc and fcc (see 3.3 DFT study). The
higher RA vol% explains the ~43 % increase in NT between DQ& DQ&P
states.

The uncharged specimens tested in air endure pronounced uniform
necking before failing in essentially ductile manner, shown in magnified
sections in Fig. 7 a, c, e. The fracture surfaces consist of sheared edges
and multi-void coalesced (MVC) dimples in the final central ruptured
area, and also pronounced secondary cracking due to extreme local
hardening of the microstructures (σf> 2.6 GPa). Both Al-DQ&P (Fig. 7 a)
and Si-DQ&P (Fig. 7 c) share similar dimple size distributions, here
shown with two extremes. As-quenched Si-DQ has more brittle features
and flatter dimples than the DQ&P variants.

Hydrogen-charging shifts the predominant failure mechanism to

Table 3
Total hydrogen concentrations (CH) and slow strain rate tensile test results (σts = engineering tensile strength, σf = true fracture stress, εf = true fracture strain, AR =

reduction of area, HEIA. = hydrogen embrittlement index (HEI) based on the reduction of area, Eq. (1), HEIE. = HEI based on loss of elongation, Eq. (2)).

CH [wppm] σts [MPa] σf [MPa] εf AR [%] HEIA. [%] HEIE. [%]

Al-DQ&P, in air 0.25 1880 2602 0.53 41.2 – –
Al-DQ&P, H 4.2 4.23 1598 1911 0.25 21.8 47.1 53.7
Al-DQ&P, H 5.1 5.07 1462 1656 0.16 14.6 64.6 70.4
Al-DQ&P, H 5.7 5.67 1477 1585 0.15 13.9 66.4 71.9

Si-DQ&P, in air 0.21 1924 2620 0.50 39.4 – –
Si-DQ&P, H 1.6 1.64 1662 1929 0.21 19.1 51.5 57.7
Si-DQ&P, H 1.7 1.72 1617 1706 0.13 12.2 69.0 74.0
Si-DQ&P, H 2.0 1.97 1496 1669 0.13 12.6 68.1 73.2
Si-DQ&P, H 3.0 2.98 1468 1406 0.05 5.2 86.8 89.3

Si-DQ, in air 0.18 2080 2859 0.52 40.8 – –
Si-DQ, H 1.3 1.34 1607 1762 0.13 11.9 70.7 75.7
Si-DQ, H 1.4 1.42 1535 1668 0.10 9.3 77.1 81.3

S. Pallaspuro et al.



Materials Science & Engineering A 908 (2024) 146872

6

Fig. 4. The slow strain rate tensile test results: flow curves with plastic strain as tested in air and with constant hydrogen-charging a) Al-DQ&P, b) Si-DQ&P, and c)
Si-DQ. On the bottom row, the results summarised as a function of hydrogen content: d) true fracture stress, e) true fracture strain, and f) hydrogen embrittlement
index (HEIA.).

Fig. 5. TDS analysis of a) unstrained specimens with 3 % NaCl +0.1 % NH4SCN for 3 h, and results after the SSRT tests for b) Al-DQ&P, c) Si-DQ&P, and d) Si-DQ.
Note the higher y-axis with Al-DQ&P in b). (1) main peak at ~190 ◦C, (2) high-temperature peak area around ~410 ◦C.
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quasi-cleavage (QC), propagating from the long edges towards the
centre (Fig. 7 b1, d1, f1). The remaining ligament failing with shallow-
dimpled shearing. The fraction of QC increases with both increasing
final hydrogen concentration CH and embrittlement index HEI, which
explains less QC in Al-DQ&P (Fig. 7 b1) over the Si-DQ&P specimens
(Fig. 7 d1). Increased CH produces also atypical rounded intergranular-
like fracture (Fig. 7 b3, d3, f3), present in both DQ&P and DQ steels.
Compared to specimens tested in air, all the H-charged steels have more
blunted microcracks on the fracture surfaces, in addition to similar
macroscale secondary cracks on the hardened sheared area (example in
Fig. 7 d1).

3.3. DFT study

Table 4 summarises the results of the DFT calculations performed
within this study in order to understand the experimentally observed
difference in the behaviour of DQ and DQ&P steels when exposed to H,
as well as to understand why Al-DQ&P show better HE resistance
compared to Si-DQ&P. The obtained formation energy (Eq. (3)) for
introducing a Hint in pure fcc-Fe is 0.18 eV smaller than in bcc-Fe, which
is in good agreement with the difference in the solubility of H in these
phases. In both phases, the addition of H is still an endothermic reaction,
i.e., requiring an external driving force for dissolving H in bcc or fcc Fe.
Our results of H solubilities at octahedral site in fcc-Fe and at tetrahedral
site in bcc-Fe are in good agreement with existing DFT work [57,58].
The obtained results of site preference of H in bcc and fcc Fe also agree
well with available experiments [59].

To understand the beneficial effect of C partitioning to RA on the
lowered susceptibility to HE, we considered fcc-Fe supercells with C and
H at different octahedral interstitial positions with respect to each other
(Fig. 2). The C interstitial (Cint) was modelled together with H interstitial
(Hint) as first (1nn) and second nearest neighbours (2nn) to understand
the preferred distances of co-segregation of these elements in fcc Fe.
Based on this study, Hint is energetically more favourable than Cint in fcc-
Fe (Table 4), as is evident from the lower formation energy for the
former than the latter. More importantly, the DFT results show that
when the Cint and Hint are present at first nearest neighbour positions, i.
e., at 2.7 Å distance (Fig. 2 b), the formation energy increases when
compared against Cint and Hint in fcc-Fe separately. However, when Cint
and Hint are placed at second nearest neighbour positions (Fig. 2 c) in fcc
Fe, formation energy drops dramatically to about − 3.3 eV, indicating
that these defects prefer energetically to stay at 4.1 Å distance with
respect to each other. We also investigated the scenario where Hint is
introduced as second neighbour to Cint already present in fcc Fe. The
resulted formation energy of − 3.74 eV shows that H solubility is even
higher in already carbon-enriched fcc-Fe. Our DFT results imply that the
Cint present in fcc-Fe can dramatically increase the solubility of H in fcc-

Fe when the Cint and Hint are present as second neighbours. This in turn
indicates that the amount of diffusible H is lower in the presence of
carbon-rich RA, i.e., lower in DQ&Ps than DQ (Table 2), as also shown
with permeation experiments (Fig. 6 a).

Next, we computed the solubility of H in Al and Si containing bcc-Fe
to explain experimental differences between Al-DQ&P and Si-DQ&P.
This reveals that H solubility increases in both cases in Al/Si doped bcc-
Fe when compared to pure bcc-Fe, but even more in the presence of Si
with a − 0.8 eV margin (Table 4). This means that Al-alloyed bcc is less
attractive for H as compared to Si-alloyed bcc Fe. A similar trend persists
also with slightly tetragonal bct structures (Table 3) for H dissolved in Al
and Si containing bct-Fe phase (data not shown for brevity), i.e., H
prefers the Si-doped ferritic/martensitic structure over the Al-doped
one.

4. Discussion

4.1. Microstructural and mechanical properties

The essential difference direct-quenching produces in conjunction
with retained austenite (RA) stabilising partitioning process is that
deformation of the prior austenite grains before the directly following
cooling step can eliminate large blocky/globular RA grains, resulting in
RA that is confined to a film-like morphology, as shown in this study
(Fig. 3). However, this can be achieved only with optimal chemical
composition and thermomechanical rolling process, as already 0.4 wt%
C can start to produce blocky RA during similar thermomechanical
processing [6]. Here, the RA contents for DQ&P steels are ~9 vol%
(Table 2). It appears that the ~10 vol% RA is close to the maximal
volume fraction before blocky RA starts to be present in significant
fractions, e.g., in quenched & partitioned steels [12,16,22–29],
medium-manganese steels [15,30], and TRIP steels [11,19,20]. This
~10 vol% is also at the approximate percolation threshold determined
with high-carbon bainitic steels [14]. In addition to the current study,
only Xu et al. [29] have reported steels with only film-like RA
morphology below 6 vol% and 50–60 nm thickness, but already 9.5 vol
% RA introduced additional blocky RA with non-deformed recrystallised
austenite grains.

Film-like RA between hard matrix is beneficial for deformability as it
is more stable than larger blocky RA [60], and can prevent H percolation
around fcc more effectively [14], and once transformed to martensite,
acts as a shorter brittle feature for microcrack initiation and propaga-
tion. In this study, the RA film thicknesses ranges between 13 and 67 nm
(Table 2), being in the middle of typical range [16,28,29,34], indicating
that thicker films can be achieved (Fig. 3 e2), and that it is the absence of
blocky RA that highlights the here achieved mechanical properties.
Furthermore, evenly distributed film-like RA maximises the RA surface

Fig. 6. Hydrogen permeation results with comparison to literature: a) Diffusion coefficients, and b) number of reversible traps. External data: Med-Mn [15], Q&P
[16,25,27,34], and Martensitic [15,16,27,56] steels.
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Fig. 7. a0) The tensile specimens after testing in air/hydrogen-charged. Representative fracture surfaces of uncharged tensile specimen (a, c, e) with multi-void
coalesced ductile fracture and secondary cracking, and hydrogen-charged specimen (b, d, f) with quasi-cleavage, intergranular-like fracture, and secondary
microcracks: b1-b3) Al-DQ&P H 5.7, d1) Si-DQ&P H 3.0, d2-d3) DQ&P H 2.0, f1-f3) Si-DQ H 1.3. White arrows in b3), d3), and f3) point to abnormal intergranular-
like features. A typical AlO-based inclusion (black arrow) in c) Si-DQ&P.
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area, also absorbing H more readily under stresses [34]. As the Si-DQ&P
and Al-DQ&P have similar RA vol% but Al-DQ&P has clearly thicker RA
films (Table 2), it is possible based on stereology that the true scatter in
Al-DQ&P RA film thickness is still larger than what was observed here
with TEM from multiple thin foils. On the contrary, assuming that
film-thicknesses are true, it could be that the surface-sensitive XRD
measurements yield inaccurate RA vol% estimates due to varying crys-
tallographic unit proportions. For example, high-energy XRD measure-
ments or quantitative atom-probe tomography could provide additional
insight into this question. Whether RA surface area would be more
crucial than film-thickness, the surface area of RA in Al-DQ&P does not
increase compared to Si-DQ&P, based on a simple assumption of ellip-
soid core-shell structure of bcc-laths and fcc-films (Table 2). Unfortu-
nately, quantification of surface area differences with EBSD is
impossible due to insufficient resolution.

Comparison of TDS-spectra and H desorption peaks related directly
to RA between the unstrained samples (Fig. 5 a) and after the SSRT tests
(Fig. 5 b-d) shows that unstrained film-like RA isn’t effective in binding
H in given conditions, as also shown by Vercruysse et al. [28]. Same has
been observed recently also for blocky RA [34]. This indicates that RA
can be beneficial in real life stressed applications exposed to H, as long as
local peak stresses stay below a level that causes strain-induced trans-
formation of RA. Furthermore, with the same charging conditions (0.1 %
NH4SCN, 1.0 VSCE, 2 h pre-charging), Si-DQ&P absorbed only ~0.24
wppm more hydrogen than Si-DQ before failure, indicating that its
significantly higher RA content is not effective in absorbing H in the
given conditions. On the contrary, less attraction of Al-enriched bcc-Fe
must drive H more effectively to strained RA, explaining the signifi-
cantly higher main TDS peaks for Al-DQ&P (Fig. 5 b), which includes RA
transformed into martensite. The average main peak, peak (1) in Fig. 5,
of Al-DQ&P is characterised by a significantly lower temperature (183
± 6 ◦C compared to 208 ± 8 ◦C of Si-DQ&P), which should be due to the
Al/Si bcc alloying differences. The previously reported higher binging
energy of a Si atom trapping energy Eb > 20 kJ/mol [61] over Al atom
Eb= 6 kJ/mol in fcc [62], permeation results (Fig. 6) and the DFT results
(Table 4) support this finding further. Thus, enrichment of bcc-Fe can
have significant effects on the resulting hydrogen diffusion and
detrapping. Further future investigations must be executed to distin-
guish the other high-temperature peak contributions between RA peak
splitting [25], inclusions and precipitates.

Interestingly, as a result of the maximised film-like RA vol% and hard
martensitic matrix, the microstructures produced here gain both lower
hydrogen diffusion coefficients D and higher trap densities NT than
comparable quenched & partitioned steels [16,25,27,34] and martens-
itic steels [15,16,27,56] (Fig. 6). Prior austenite grains deformed below
given non-recrystallisation temperatures (Section 3.1) cause also what
appears to be atypical globular intergranular fracture on predominantly
individual prior austenite grains (Fig. 7 b3, d3, f3), clearly differing from
common hydrogen-induced intergranular fracture [63,64] with slanted
facets of recrystallised and freely grown grains. If the underlying
mechanisms remain the same, the globular intergranular fracture should

consume more energy in the failure process due to higher surface area.
All the here studied steels showed this feature, qualitatively more in
RA-rich DQ&Ps, indicating that the RA films can play a role in the given
failure process – something that demands further investigations.
Generally, the DQ and DQ&P steels show that increase in HE comes with
increased fraction of quasi-cleavage and decrease in sheared area. RA
can be seen as beneficial also considering the frequent blunted micro-
cracks present in all the materials (Fig. 7 b3, d3, f3).

4.2. Insights from density functional theory calculations

The DFT calculations revealed that (a) Cint and Hint prefer energeti-
cally to be as second neighbours in fcc-Fe, and (b) H solubility increases
significantly in the presence of Al and Si in bcc Fe as compared to pure
bcc Fe (Table 4). The same has been previously reported for Al in fcc
[37]. The strong attractive interaction between Cint and Hint as second
neighbours in fcc Fe (− 3.74 eV), along with higher CRA, result in lesser
amount of diffusible H and higher trap density in the DQ&P than DQ
steel (Fig. 5).

To explain the experimental observation of Al-DQ&P being better HE
resistant than Si-DQ&P, we compared DFT-obtained H solubilities in the
presence of either Al or Si in bcc-Fe as a first neighbour of H with that of
H solubility in pure bcc Fe. Results reveal that H solubility increases
significantly in the presence of both Al (− 0.65 eV) and Si (− 1.44 eV) in
bcc Fe as compared to pure bcc Fe (+0.22 eV). This in turn implies that
the uptake of H can be enormously increased by alloying with Al and/or
Si. Moreover, the solubility of H increases significantly more in the
presence of Si as its first neighbour than Al in bcc Fe, which implies a
lesser amount of H in fcc phase for Si-DQ&P. This indicates a higher
gradient of H concentration in the Si-containing case than in the case of
Al addition, which can in turn explain the experimental observation of
Al-DQ&P being better HE resistant than Si-DQ&P. Generally, combining
both experimental and DFT results corroborate the fact that more H can
get dissolved in DQ&P as compared to DQ. The lesser amount of easily
diffusible H in DQ&Ps can explain its better resistance to HE over DQ.

4.3. Hydrogen embrittlement in laminar martensitic-austenitic structures

Fig. 8 Shows the performance of various types of high-strength steels
and (advanced) ultrahigh-strength steels with an inverse banana-
diagram trend. The data consists of SSRT tests executed with strain
rates from 10− 2 to 10− 5, and LIST tests by Liu et al. [22,25], with an
average total hydrogen concentration of 3.4± 3.6 wt ppm after the tests.
Our results presented here belong to the middle of these ranges.
Compared to the literature, the here-studied alloys have outstanding
performance: already 2080 MPa σTS DQ tested here is reasonably
resistant to HE, and below 70 % HEIA (Eq. (1)). level, and compared to
the literature, up to 800 MPa higher tensile strength can be achieved at
similar HEIA. with Al-alloyed martensitic-austenitic steel (Al-DQ&P)
with thick film-like inter-lath retained austenite (Fig. 8 a). Even dis-
regarding strength differences, HEIA. is suppressed by one-third
compared to nearest results by Yang et al. [24] with similar alloying
and pre-charged CH≈ 1 wppm. These trends and differences persist even
with elongation-based HEIE (Eq. (2)). as the measure (Fig. 8 b). These
properties can be achieved with prior-austenite grain structure
deforming production-practises, like the here-utilised direct-quenching
& partitioning process. Interestingly, the closest-performing rivals from
the literature are quenched and tempered steels by Yang et al. [24] and
quenched & partitioned steels by Yang et al. [24] and Wang et al. [26],
both possessing a notable fraction of blocky RA.

The dataset presented in Fig. 8 is unanimous in that blocky RAmakes
the low-alloyed and medium-alloyed steels more susceptible to
hydrogen embrittlement. With low RA content (<2 vol%), HEI varies
between 5 % and 100 %, the lowest values presented in Fig. 8 with
undisclosed pre-charged/final CH. With notable RA contents, lowest HEI
values are achieved with ~10 %, and data from 12% upwards show that

Table 4
Density functional theory calculations of H interaction with bcc, and fcc Fe
phases (1nn = first nearest neighbour, 2nn = second nearest neighbour).

Supercell Formation energy [eV]

1nn 2nn

H in bcc bcc-Fe (4 × 4 × 4, 128 atoms) –
bcc-Fe + Hint 0.22
bcc-Fe + Al + Hint − 0.65
bcc-Fe + Si + Hint − 1.44

H and/or C in fcc: fcc-Fe (3 × 3 × 3, 108 atoms) –
fcc-Fe + Hint 0.04
fcc-Fe + Cint 0.48
fcc-Fe + Cint + Hint 2.12 − 3.26
(fcc-Fe + Cint) + Hint − 3.74
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HEI values are increasing again due to introduction of the coarser blocky
RA. Thus, the here investigated materials hit the sweet-spot in RA – HEI
balance, too. However, possible exceptions to these can be highly
alloyed Med-Mn steels with higher fractions of coarser laminar micro-
structures instead of blocky morphologies [65].

To gain better understanding on how to produce industrially relevant
hydrogen-tolerant (ultra)high-strength steels, further studies should be
targeted towards RA decomposition and its influence on H uptake, and
alternative to SSRT testing, mechanical test methods relevant to struc-
tural integrity.

5. Conclusions

We investigated elemental and microstructural effects on hydrogen
embrittlement in 2 GPa direct-quenched and partitioned (DQ&P)
martensitic-austenitic steels based on Si and Al alloying and with com-
parison to an essentially martensitic direct-quenched (DQ) steel to
elucidate the effect of retained austenite (RA) film thickness and bcc
alloy-enrichment on susceptibility to hydrogen embrittlement. The main
conclusions based on our experimental and theoretical findings in the
absence of detrimental blocky RA are.

• Increasing RA film thickness improves tolerance to hydrogen
embrittlement (HE), but increase in RA vol% alone is relatively
ineffective within Si-based alloying. Al-based bcc stabilisation facil-
itates exceptional mitigation of HE susceptibility with the same
processing and similar mechanical properties.

• Benefits of Al-based alloying are two-fold: increased RA film-
thickness can tolerate higher hydrogen contents, and Al-alloyed
bcc drives H to fcc more effectively than Si-bcc.

• DFT study revealed that the solubility of H is dramatically increased
in fcc Fe when H and C are present as second neighbours. Thus,
higher C content in RA in DQ&P steels increases trapping of H
thereby resulting in less diffusible H than in low-RA DQ, which ex-
plains the experimental differences in H permeation.

• DFT calculations confirm that H solubility is higher in bcc Fe in the
presence of Si rather than Al, suggesting less H in fcc in Si-DQ&P.
This is in good agreement with the TDS results. The combined
findings explain the experimental observation of Al-DQ&P being
more HE resistant than Si-DQ&P.

CRediT authorship contribution statement

Sakari Pallaspuro: Writing – review & editing, Writing – original
draft, Visualization, Validation, Resources, Project administration,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Eric Fangnon:Writing – original draft, Investigation. S. Assa
Aravindh:Writing – original draft, Validation, Software, Methodology,
Investigation, Formal analysis, Conceptualization. Lisa Claeys:Writing
– review & editing, Validation, Investigation, Formal analysis. Renata
Latypova: Writing – original draft, Validation, Methodology, Investi-
gation, Formal analysis. Yuriy Yagodzinsky: Investigation, Data cura-
tion. Niko Aho: Formal analysis. Pekka Kantanen: Resources,
Investigation. Sampo Uusikallio: Resources, Investigation. Tom Dep-
over: Writing – review & editing, Validation, Resources. Marko Hut-
tula: Supervision, Funding acquisition. Poulumi Dey:Writing – original
draft, Validation, Methodology, Conceptualization. Jukka Kömi: Proj-
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Fig. 8. Comparison of HE susceptibility of high-strength steels with nominal uncharged tensile strength and a) hydrogen embrittlement index from area reduction
HEIA., and b) hydrogen embrittlement index from loss of elongation HEIE. Green dashed circles highlight the results with DQ&P steels. External data: Q&P [12,16,
22–29], Med-Mn: [15,30], other TRIP steels [11,19,20], TWIP [22,25], DP [19,22], Martensitic: [11,12,19,24,27], and CrMo [17,18] steels. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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APPENDIX A

Table A1
Hydrogen-charging parameters and total hydrogen concentrations CH.

CH [wppm] Suspension Applied potential
[VSCE]

Corrosive potential
[mV]

Charging time [h] Initial current [mA] Final current [mA]

Al-DQ&P, pre-
charge

1.21 3 % NaCl +
0.1 % NH4SCN

− 1.0 – 3.0 – –

Al-DQ&P, in air 0.25 – – – – NA NA
Al-DQ&P, H 4.2 4.23 3 % NaCl +

0.3 % NH4SCN
− 1.0 − 630 2.0 5.0 2.30

Al-DQ&P, H 5.1 5.07 3 % NaCl +
0.3 % NH4SCN

− 1.2 − 646 2.5 13.0 6.00

Al-DQ&P, H 5.7 5.67 3 % NaCl +
0.3 % NH4SCN

− 1.2 − 659 2.5 15.0 12.50

Si-DQ&P, pre-charge 0.94 3 % NaCl +
0.1 % NH4SCN

− 1.0 – 3.0 – –

Si-DQ&P, in air 0.21 – – NA – NA NA
Si-DQ&P, H 1.6 1.64 3 % NaCl +

0.1 % NH4SCN
− 1.0 − 455 2.0 3.0 1.80

Si-DQ&P, H 1.7 1.72 3 % NaCl +
0.1 % NH4SCN

− 1.0 − 463 2.0 4.0 1.80

Si-DQ&P, H 2.0 1.97 3 % NaCl +
0.1 % NH4SCN

− 1.2 − 483 2.0 9.0 7.00

Si-DQ&P, H 3.0 2.98 3 % NaCl +
0.3 % NH4SCN

− 1.0 − 665 4.0 2.0 1.90

Si-DQ, pre-charge 0.90 3 % NaCl +
0.1 % NH4SCN

− 1.0 – 3.0 – –

Si-DQ, in air 0.18 – – NA – NA NA
Si-DQ, H 1.3 1.34 3 % NaCl +

0.1 % NH4SCN
− 1.0 − 454 2.0 3.0 1.40

Si-DQ, H 1.4 1.42 3 % NaCl +
0.1 % NH4SCN

− 1.0 − 513 2.0 5.0 1.80
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