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Abstract
This work investigates the effect of a constant load on hydrogen diffusion through a Q&P steel
containing metastable retained austenite by combining electrochemical hydrogen permeation and
thermal desorption spectroscopy. Material samples are placed under different external loading
conditions, ranging from 50% to 125% of the yield stress. The permeation transients indicate that
hydrogen diffusion in this Q&P-steel is delayed under all stressed conditions, even at stresses in the
elastic regime, with the delay increasing with the applied load. From thermal desorption spectroscopy
performed on the same specimens after the permeation test appears that the samples tested under load
show a high temperature peak which is not present in the unloaded sample. Thus indicating that the
retained austenite is capable of trapping hydrogen in a loaded condition.

Keywords: Hydrogen permeation; Hydrogen diffusion; Mechanical load; Retained austenite;
Quenching and partitioning
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Introduction

Quenching & Partitioning (Q&P) steels are part of the third generation advanced high strength
steels (AHSS) and were proposed by Edmonds et al. [1] as an alternative for transformation
induced plasticity (TRIP)-assisted and dual phase (DP) steel in automotive applications. The
final microstructure of Q&P steel consists of intercritical ferrite (α) and/or martensite (α′)
combined with retained austenite with a significantly increased carbon content compared to the
matrix [2]. The increased carbon content is achieved by allowing carbon diffusion into the
austenite (γ) during the heat treatment (partitioning) and is necessary to stabilise the austenite
during the final quenching step down to room temperature. The retained austenite is
metastable at room temperature and provides increased ductility by the TRIP-effect.

However, one of the main drawbacks of high strength steels is their susceptibility to hydrogen
embrittlement [3–5] and Q&P steel is no exception to this [6–8]. Retained austenite plays a
crucial role in this story, since it has both advantages and disadvantages with respect to
hydrogen. At first sight, it would seem that retained austenite is advantageous against
hydrogen embrittlement due to its high solubility and low diffusivity [9, 10], thereby
effectively serving as a strong trapping site. Under the assumption that retained austenite
remains stable in the material, it should indeed be considered as a beneficial trapping site.
However, when it transforms into martensite due to an applied stress, the assumption of a
stable austenite phase is no longer valid. In this case, the high solubility becomes a
disadvantage as upon transformation, the hydrogen that was dissolved in the austenite phase is
inherited by the brittle fresh martensite, which has a considerably lower hydrogen
solubility [11, 12].

Additionally, the fresh martensite shows an increased susceptibility to hydrogen embrittlement
due to its high dislocation density and residual stresses [13]. Previous studies on the hydrogen
embrittlement of Q&P steel already showed that the interface between retained austenite and
ferrite/martensite is a preferential initiation site for transgranular cracks [6, 7]. Therefore,
understanding the interplay between hydrogen diffusion into retained austenite, the stability of
retained austenite, and stress is crucial in assessing the hydrogen embrittlement of Q&P steel.
The lack of understanding is illustrated by the fact that some authors observed embrittlement
related to retained austenite in Q&P and TRIP-assisted steels without observing hydrogen
trapping, whereas other authors did report trapping by retained austenite during
electrochemical charging [7, 14]. Considering the ambiguity in these studies [6, 7, 12, 14–16],
there seems to be no generally accepted concept of hydrogen trapping by retained austenite.

Furthermore, the interplay between stress and hydrogen diffusion was illustrated by multiple
studies using electrochemical hydrogen permeation [17–19]. Van den Eeckhout et al. [17]
demonstrated the effect of stress by conducting permeation experiments on dual phase (DP)
steel stressed under constant load at different fractions of the yield stress. They found that
diffusivity increased with increasing elastic stress, similar to the results by Zhao et al. [18].
Their proposed explanation for this observation is the increase of the volume of the unit cell
due to the applied elastic stress, which also causes an expansion of the interstitial sites, thus
facilitating hydrogen diffusion. When the constant load applied on the specimen exceeded
100% of the yield stress, diffusivity decreased again due to the formation of lattice defects,
such as dislocations, which act as hydrogen traps and slow down diffusion.
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In this study, a methodological approach will be used to characterise the interplay between
stress and hydrogen diffusion, combined with its effect on trapping in retained austenite and
the stability of retained austenite under stress. Samples of Q&P steels will be subjected to
permeation experiments under constant load, combined with the assessment of trapping using
TDS. Further characterisation of the retained austenite will be performed using scanning
electron microscopy, electron backscatter diffraction (SEM-EBSD), and X-ray diffraction
(XRD).

Materials and methods

Material characterisation

For this study, a commercial Q&P 980 steel with chemical composition
Fe-0.22C-2.33Mn-1.60Si-0.05Al (in wt%) was used. The microstructure of the material was
characterised using scanning electron microscopy electron backscatter diffraction
(SEM-EBSD, FEI Quanta 450 FEG) operated at an accelerating voltage of 20 kV and a spot
size of 5 nm. The EBSD examinations were performed on the normal direction (ND) plane
tilted 70◦ at a working distance of 15 mm and with a step size of 50 nm on a hexagonal grid.
After conventional mechanical grinding the samples were polished using 3µm and 1µm
diamond paste suspension for 5 and 10 minutes, respectively, followed by 30 minutes of
polishing with 0.04µm colloidal silica (Struers OPU suspension) and cleaning with water and
ethanol. TSL OIM Data Analysis V7 software was used for post processing and analysis of the
obtained data.

As a second method to determine the retained austenite fraction, X-ray diffraction (XRD) was
used. These experiments were performed on a Siemens Kristalloflex D5000 diffractometer
with a Mo-Kα source operated at 40 kV and 40 mA. The spectra are measured over a range of
2θ from 25◦ to 40◦ with a step size of 0.01◦ and dwell time of 5 s.

Hydrogen/material interaction

Hydrogen permeation was carried out using a set-up based on the Devanathan-Stachurski
cell [20] modified with an external loading device. Samples for this method were rectangular
with a thickness of 0.85 mm, a width of 25 mm and a length of 90 mm. The clamped edges
were sandblasted to improve surface friction between the clamps and the sample. To apply the
load during the permeation test, the sample was first mounted in a proof ring manufactured by
CORMET R©. After clamping, the tensile load was applied by compressing the ring and the
actual force could then be determined from the load amplifier.

Deaerated 0.1 M NaOH was used as the electrolyte in both the charging and oxidation cell.
After mounting, the anodic side of the sample was placed at a potential of -500 mV relative to
a Hg/Hg2SO4 reference electrode. This allowed the formation of a passive iron-oxide
layer [21]. In case of a permeation test on a specimen placed at a certain load, the oxide layer
is formed after applying the load, therefore avoiding damage of the layer during loading.
Charging was started after the anodic current density reached a value below 50 nA/cm2, with a
charging current density of -3 mA/cm2. The oxidation current density versus time was further
measured to determine the hydrogen diffusion rate and the corresponding apparent diffusion
coefficient (Dapp), which was determined by fitting the first half of the normalised permeation
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transient to the analytical solution of Fick’s second law [22].

The stress levels of the permeation tests under load are expressed here as a fraction of the yield
strength (YS) and will be used to refer to the sample in the following sections. Stresses of
approximately 50%, 75%, 100%, and 125% of the YS were applied. The YS was determined
by a tensile test performed following the ISO-6892 procedure [23] on an initial gauge length of
80 mm, using the 0.2% strain offset method. This resulted in a value of approximately
700 MPa. Throughout this work, this value will be used as the YS of the considered Q&P steel.

Thermal desorption spectroscopy (TDS) was used to determine the trapping sites present in the
material. This technique consists of heating hydrogen-charged samples in an infrared furnace
to 850 ◦C at a constant heating rate of 1200 ◦C/h. Upon heating, the trapped hydrogen is
released from the sample as gaseous H2 and measured by a quadrupole mass spectrometer
(IPI-ESD 100) using a N2 carrier gas.

Results and discussion

Microstructure characterisation

Depending on processing parameters such as austenitisation temperature, initial quenching
temperature and partitioning temperature, different phases and phase fractions can be obtained
in Q&P steel. Since the role of austenite as a trapping site for hydrogen is one of the main
subjects of investigation in this study, it is important to determine its corresponding phase
fraction. The distinction between between fcc austenite and bcc martensite and ferrite was
straightforward using the OIM software. Unfortunately, since the c/a ratio of the martensitic
phase can be considered close to unity [24], ferrite and martensite are both identified by the
software as the same bcc phase. However, using image quality (IQ) a distinction between
ferrite and martensite is possible because the high dislocation density in martensite causes a
decrease in IQ compared to ferrite. Figure 1 shows a combined phase and IQ map, where the
phases are distinguished by colour and the IQ by the grayscale value. Both bcc phases are
shown in red, with ferrite appearing lighter due to a higher IQ and martensite darker due to its
considerably lower IQ. The austenite volume fraction from EBSD, based on the pixels with a
confidence index greater than 0.1, is 7.7 vol%.
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20 µm

Figure 1: Combined phase-IQ map of the microstructure of the studied Q&P steel (ND-plane). Ferrite
(high IQ, bright) and martensite (low IQ, dark) are shown in red, austenite is shown in green.

Similar to EBSD, XRD also distinguishes between fcc and bcc phases using the characteristic
diffraction peak positions for certain families of planes for each crystal structure. Using the
integrated peak intensity as a measure, an austenite fraction of 11.0 vol% was determined with
XRD. The discrepancy in volume fraction of retained austenite determined by EBSD and XRD
was expected and could be explained by the different morphologies of retained austenite in
Q&P steel [24] and the difference in resolution between both techniques. Retained austenite in
Q&P steel is loosely divided into two categories based on size and location. It exists both as
filmy austenite, which is situated in between martensite laths and has a size less than
approximately 100 nm, and as blocky austenite, which is larger and is situated in the bulk or at
the grain boundaries of ferrite and martensite [25]. Therefore, some of the filmy austenite may
be too fine to resolve with EBSD and is consequentially not indexed as austenite by
EBSD [24].

Effect of load on diffusivity

Several permeation transients (Figure 2a) and their corresponding apparent diffusion
coefficients (Figure 2b) were determined using the electrochemical permeation technique. Due
to the application of a tensile load, some of the austenite in the material may transform into
martensite. This allows to compare the unstressed state to a stressed state, which is more
relevant for practical applications, since in service, the steel will often experience external
load.
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Figure 2: Electrochemical permeation results for each mechanical loading condition: (a) First half of
the normalized permeation transient and (b) the corresponding apparent diffusivity (Dapp) determined by
fitting the first half of each transient to Fick’s second law

From the first half of the permeation transients shown in Figure 2a, it can be seen that the
samples tested at a constant load all showed a shift to higher times, corresponding to slower
diffusion and thus a lower diffusion coefficient, as shown in Figure 2b. Although noticeable,
the further decrease in diffusion coefficients with higher applied loads was lower than the
decrease observed between the unstressed specimen and the specimen tested at the lowest load
(50% YS).

From literature [17, 18], it was expected that purely elastic tensile stresses would increase
diffusivity by expanding the lattice without generating dislocations and plastic stresses would
decrease diffusivity due to dislocation formation. In this case, however, both elastic and plastic
stresses caused a delay in breakthrough time. Since the strain during deformation, especially in
early stages, is accommodated mostly by the more ductile ferrite and austenite grains [26–28],
the reason behind this observation should be related to increased trapping in the freshly formed
martensite upon loading, ferrite or the remaining fraction of retained austenite.

Trapping of hydrogen at retained austenite

In order to determine the trapping sites occupied by hydrogen during the permeation tests under
constant load, the specimens used for permeation were tested using TDS. The high temperature
end of the resulting spectrum for each testing condition is shown in Figure 3. The specimens
are indicated with their corresponding stress level at which the permeation test was carried
out. The specimen tested in the same set-up but without load is shown as a reference together
with the spectra of the permeation specimens tested under load. It is clear that the spectra
of the permeation specimens tested under load additionally contain a high-temperature peak.
For the specimen without load, no desorption peak was observed at temperatures higher than
300 ◦C. Since peaks related to trapping in austenite are usually associated with these higher
temperatures [29–31], their absence would imply that without load, the retained austenite is not
able to trap hydrogen. It is proposed that further research into this behaviour is done for other
combinations of a BCC matrix with retained austenite, e.g. for conventional TRIP-steel. A
difference in trapping behaviour could then be related to lower internal stresses in the TRIP-
steel due to the softer matrix.
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Figure 3: TDS spectra between 300 ◦C and 800 ◦C for the specimens tested after electrochemical
permeation experiments under a constant load ranging from 0% YS to 125% YS at a heating rate of
1200 ◦C/h

The result on Q&P-steel can also be linked to the embrittlement observed by Lovicu et al. [6]
who also observed no trapping in austenite during conventional charging. During the slow
strain rate tensile test, as the load on the retained austenite gradually increases, hydrogen can
redistribute itself into the retained austenite. When the retained austenite eventually transforms
at higher strains, its dissolved hydrogen is inherited by the newly formed martensite.
Consequently, this initiates fracture at the fresh martensite since it is locally supersaturated
with hydrogen [12].

Conclusion

This work studied the influence of a constant applied load on the hydrogen diffusion in a Q&P
steel containing retained austenite. Trapping was characterised using electrochemical hydrogen
permeation and subsequent thermal desorption spectroscopy in order to verify the presence of
hydrogen in retained austenite.

• Without external load, the TDS spectra of Q&P steel does not contain a high temperature
peak. Therefore, hydrogen is not trapped in the retained austenite under these charging
conditions.

• Using electrochemical permeation, it was shown that the diffusivity of hydrogen in
quenching and partitioning steels under constant load is slowed down regardless of the
level of applied stress (elastic or plastic).

• TDS characterisation of the permeation specimens of Q&P-steel immediately after
permeation revealed high temperature trapping sites, which were associated with
trapping at retained austenite.
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