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Abstract

The trapping of hydrogen in nanostructured bainitic steel has been investigated using
thermal desorption analysis, in order to determine the potency of the ferrite-retained
austenite (a/y) interfaces and retained austenite as trapping sites. Thermal
desorption data showed that the volume of retained austenite is more effective in
trapping hydrogen than the interfaces. There is a close correlation between the
quantity of hydrogen and the retained austenite content rather than the density of
interfaces. A local equilibrium model was able to reproduce the hydrogen desorption
behaviour of saturated and unsaturated samples considering both retained austenite
and aly interfaces as the trapping sites. A trap binding energy ranging from 47-52
kd/mol was estimated for retained austenite, suggesting that the observed trapping
capacity originates from the austenite lattice sites.

Keywords: hydrogen; thermal desorption analysis; nanostructured bainite; trapping energy.

Introduction

Nanostructured bainitic steels consist of thin plates of ferrite separated by films
of carbon-enriched retained austenite and display an excellent combination of
properties including strength and ductility [1-3]. The high strength makes them
susceptible to hydrogen embrittlement that can lead to delayed fracture and a loss of
structure [4-7].

It is well known [6] that it is diffusible hydrogen which embrittles, and its passage
through a steel can be impeded by “traps”, where a hydrogen atom can enter a
potential well that is deeper than in a perfect lattice. The traps tend to attract and bind
the atomic hydrogen, and the damage is minimised if the hydrogen is immobilized
[6,8,9].

The austenite volume fraction and morphology in the nanostructured bainite
forms a continuous barrier between the ferrite plates, i.e. the austenite percolates
through the microstructure and reduces the infusion of hydrogen [10]. Moreover,
retained austenite is an effective trap given its high solubility and low diffusivity for
hydrogen [10-13]. There is a high dislocation density in both phases (a,y) at the
interface due to the relaxation of the shape deformation induced by transformation.
The dislocation density increases as the transformation temperature decreases [14-
18], and dislocations are known to be trapping sites for hydrogen [9,19,20].
Nanostructured bainite contains a very large surface area of aly interfaces per unit
volume due to the fine scale of the bainitic ferrite plates [1-3] and these aly interfaces
may also act as hydrogen traps [7,20,21].

Hydrogen traps in different kinds of steel microstructures have been
characterised using thermal desorption analysis (TDA). This technique allows the
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investigation of hydrogen absorption and desorption mechanisms, by monitoring the
rate at which it is released from a sample during continuous heating. The experiment
provides valuable information for the development of new materials with a higher
resistance to hydrogen embrittlement [20-22]. In a thermal desorption experiment,
hydrogen evolved at a low temperature is weakly trapped whereas the strongly
trapped hydrogen is only released at higher temperatures. Typical traps for hydrogen
and the associated binding energies (E,) were summarized by Szost et al.[21]. The
weak hydrogen traps (reversible traps) include grain boundaries (E,=17.2kJ/mol),
dislocations (26.8kJ/mol), ferrite/FesC interface (18.4kd/mol) and microvoids
(35.2kJ/mol). The strong hydrogen traps (irreversible traps) include TiC/incoherent
(86.9kJ/mol), retained austenite (55kJ/mol) and Fes;C/incoherent (84kJ/mol).

Previous studies on hydrogen in nanostructured bainite have suggested that the
level of hydrogen saturation is correlated to the total area of aly interfaces per unit
volume rather than to the volume fraction of retained austenite [7,21]. However, this
result does not account for the conflicting values of retained austenite after
isothermal transformation [21] or assumptions in bainitic ferrite plate width that affect
the estimation of surface area per unit volume of the a/y interfaces [7].

In order to bring new elements of understanding about hydrogen trapping in
nanostructured bainitic steel, thermal desorption analysis was used to study the
potency of aly interfaces and retained austenite as hydrogen trapping sites. The
effect of hydrogen trapping at al/y interfaces and retained austenite during TDA
experiments was simulated by using one of the hydrogen desorption models
developed by Song et al. [20]

Material and Experimental Procedures

The alloy selected for this work (0.78C-1.60Si—2.02Mn-1.01Cr-0.24Mo-
3.87Co-1.37Al wt.%) has been designed to obtain a nanostructured carbide-free
bainitic structure after isothermal heat treatment at low temperatures. A BAHR
DIL805 high resolution dilatometer was used to track the isothermal decomposition of
austenite into bainitic ferrite in samples 4 mm in diameter and 10 mm long, heated at
950 °C for 30 minutes and subsequently cooled at 30°C/s to the isothermal
temperatures of 200 °C for 72 h, 250 °C for 16 h and 300 °C for 6 h. The
experimental bainite and martensite start temperatures, Bs and Ms, are 410 °C and
188 °C, respectively [23]. Figure 1 shows the dilatometric curves during isothermal
transformation and the determination of the time needed to stop the heat treatment,
which was fixed at the point where the dilatometric strain achieved a steady state or
plateau (i.e., no further transformation) [18].

Samples 50 mm x 20 mm x 1 mm were austenitized at 950 °C for 30 minutes,
followed by isothermal transformation at 200 °C for 72 h, 250 °C for 11 h and 300 °C
for 4 h, which correspond to the measured times. Vickers hardness tests are reported
as the average of indentations conducted using a 193.13 N (20 kgf) load.

The volume fraction and lattice parameters of the phases present in the
microstructure after the heat treatments were determined by doing Rietveld
refinement of data collected using a Bruker D8 Advance diffractometer with a position
sensitive detector and CuKa radiation. Scans were performed from 35 to 130°, with a
step size of 0.02°, a dwell time of 3.5 s, and energy levels from 210 to 220 mV to
minimize beta peaks. The samples were rotated at 30 rad/s and 10 mm slits were
chosen to restrict the beam size. After scanning, the simulated slit mode was
changed to fixed in order to flatten the background as much as possible. Samples
were prepared by grinding with 4000 SiC paper, polishing to 1 ym, etching in 2%



nital, and polishing again to 1 ym to get rid of any surface stresses and/or stress
induced austenite transformation.

Thin foil samples for transmission electron microscopy were prepared from discs
3 mm in diameter, cut using a punch. They were ground down to 50 pym in thickness
and electropolished until perforation with an electrolyte of 5 % perchloric acid, 20 %
glycerol and 75 % ethanol at -8°C and 22 V. The thin foils were examined using a
FEI Tecnai F20 FEGTEM transmission electron microscope operated at 200 kV and
the micrographs were used to determine the size of bainitic ferrite plate thickness, ts,
by measuring the mean lineal intercept Lt = 1tg/2 in a direction normal to the plate
length [2,24].
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Fig. 1- Dilatometric curves showing strain associated with the bainite transformation
at different transformation temperatures for estimation of the end of the bainitic
transformation.

For TDA analysis, samples 50 mm x 20 mm x 1 mm were polished with the 600
SiC paper and charged electrochemically with hydrogen in a 3.5 % NaCl aqueous
solution containing 0.35 % NH,SCN with a current density of 10 A/m? for 4 h
(unsaturated) and 48 h (saturated) at room temperature. The amount of hydrogen
was measured through thermal desorption analysis during continuous heating from
room temperature to 300 °C at a constant heating rate of 50 °C/h. The samples were
analysed at an interval of 3 minutes using He as a carrier gas. Samples charged for 4
h and 48 h were analysed within 15 minutes after hydrogen charging. To analyse the
amount of hydrogen trapped, some samples were kept at room temperature for 7
days after being charged for 48 h, before being analysed in TDA.

Results

Rietveld refinement of all the X-ray diffraction data collected was performed in
HighScore Plus according to the method presented in [25] by first fitting austenite to
three isolated austenite peaks: 002, 022, and 113. This allowed to obtain maximum
and minimum estimates for the lattice parameter of austenite, which were then used
to calculate its carbon concentration through the Dyson and Holmes equation [26].
Since this carbon concentration is inherited by martensite, its maximum and
minimum values of tetragonality were obtained by using the Honda and Nishiyama



charts [27]. These lattice parameters (ay, aq, and cy) were used to fit martensite,
retained austenite, and bainitic ferrite to the whole spectrum. The results suggest
there is no martensite present.

X-ray diffraction patterns show, as expected from the increase in driving force as
a function of undercooling, that the austenite volume fraction in the as-transformed
samples decreased as the isothermal transformation temperature was reduced
(Table 1). Since the carbon is not only present in solid solution in the bainitic ferrite
but also located at defects such as dislocations [28,29], the concentration of carbon
trapped at defects was estimated by means of residue x, =x —V,x, — (1 — ¥} )x,,
where X is the average concentration of carbon in the steel, x, and x, are the carbon
concentration in ferrite and austenite respectively, and V, and V, are the respective
volume fractions. Consistent with expectation, the data indicate that the defect
density increases as the transformation temperature is reduced.

Table 1. Compiled results for X-ray diffraction data. a, and aq represent the lattice
parameters of austenite and ferrite respectively, with a Rietveld fitting error of <0.001
A. x, and x, are the respective carbon concentrations (in wt. %), V, and V, are the

respective volume fractions, and x, the is estimated concentration of carbon trapped
at defects.

Transformation

temperature Vq Vy a./A a /A x, x, x,
200°C 0.79+0.01 0.21+0.01 2.8730 3.617 0.187 0.850 0.454
250°C 0.74+0.01 0.26+0.01 2.8714 3.6229 0.131 1.029 0.416
300°C 0.66+0.01 0.34+0.01 2.8682 3.6266 0.021 1.141 0.378

The microstructure consists essentially of a mixture of two phases, thin plates of
bainitic ferrite and carbon enriched regions of retained austenite with morphologies of
films and micro-blocks as described by other authors [30,31]. Figure 2 illustrates the
microstructure obtained from TEM for the samples isothermally transformed, where
the lighter phase is ferrite and the darker is retained austenite. The micrographs also
show the scale of the structure with corresponding measurements shown in Table 2.
The low transformation temperatures resulted in nanostructured bainite with an
apparent thickness ranging from 40 to 71 nm. Decreasing plate thickness was
expected as the isothermal transformation temperature decreased. In Table 2, the
surface area per unit volume of the ferrite plates, S,, which is proportional to the ratio
between ferrite volume fraction (V) and ferrite plate thickness (tg), Sy=Vuts, and the
Vickers hardness, HV20, are also listed.

The samples charged with hydrogen for 48 h presented a reduction of hardness
by about 3 % with respect to as-transformed samples (Table 2). The hardness did
not change when measured one week after hydrogen charging. It is not clear why
there was a small reduction in hardness after hydrogen charging, but it is speculated
that damage in the form of voids or microfissures may have taken place during
charging, thus contributing to softening.”

Calculations using a diffusion coefficient for hydrogen in austenite, D=3.14x107"°
m?/s at room temperature [32], a time of t=48 h and the equation C.=1-
erf{x/[2(Dt)""]} indicate a penetration distance (x) of about 1 uym for a relative average
concentration C=0.96. This distance is greater than the half-size of retained
austenite micro-blocks [18], confirming that the samples charged with hydrogen for
48 h were saturated, i.e., there is a uniform hydrogen concentration through the
sample thickness.
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Fig. 2- TEM image (bright field) of samples transformed at (a) 200 °C/72 h, (b) 250
°C/M11 h and (c) 300 °C/4 h. F — ferrite, A — austenite.
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Table 2. Quantitative experimental data. The ferrite thickness, tg, refers to the
stereologically corrected value and Sy is the surface area per unit volume. HV20 is
the average Vickers hardness of 70 indentations using a 196.12 N (20kgf) load and
standard error with 95% confidence interval. HV20 - aHC refers to the hardness of 10
indentations after H-charging.

Transformation temperature tg/ nm Sy=V/t (nm)" HV20 HV20 - aHC

200 °C 40+3 0.01975 660+2 645+7
250 °C 54+3 0.01370 610+2 591+5
300 °C 714 0.00930 520+2 503+5

Figure 3 shows the obtained TDA curves, using a heating rate of 50 °C/h and
hydrogen charged samples. The peaks of the hydrogen desorption curve for samples
charged for 48 h and analysed 15 minutes after H-charging (aHC) are shifted to
higher temperatures as the isothermal transformation temperature increases (Figure
3a). When the isothermal transformation temperature decreased from 300 °C to 200
°C the surface area per unit volume of aly interfaces increased from 9.30x10° to
1.98x10” m™, the fraction of retained austenite decreased from 0.34 to 0.21 and the
total hydrogen desorbed decreased from 17.46 to 11.27 ppmw (parts per million by
weight) respectively (Table 3). A larger amount of hydrogen is stored in the retained
austenite and at a/y interfaces in the saturated condition. Each desorption curve
shows a single peak (or indistinguishable overlapping peaks). The presence of
retained austenite is associated clearly with the capacity to store hydrogen since its
volume fraction is found to have a large effect on the total amount of absorption. The
larger fraction of retained austenite resulted simultaneously in an increase in peak
temperature and in the amount of hydrogen desorbed.

The peak temperatures increased when the measurement was carried out one
week after H-charging (wHC), for samples charged with hydrogen for 48 h (Figure
3b). The diffusible or weakly trapped hydrogen (reversibly trapped hydrogen) was
largely released (=97-99 % of the total hydrogen absorbed) at room temperature
(Table 3), but the hydrogen atoms that remain in films and micro-blocks of retained
austenite were released at a high peak temperature (=150 °C) for the three
isothermal transformation temperatures. The amount of hydrogen that remained is
less than 0.1 ppmw for samples isothermally transformed at 200 °C and 250 °C.
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Fig. 3- Thermal desorption analysis for samples charged with hydrogen for: (a) 48 h
and TDA 15 minutes after H-charging (HC=48h — aHC); (b) 48 h and TDA one week
after H-charging (HC=48h — wHC) and (c) 4 h and TDA 15 minutes after H-charging
(HC=4h — aHC). ppmw refers to parts per million by weight.

Table 3. TDA data. Hr is the total hydrogen desorbed, and T1peak and T2 peak are the
first and second peak temperatures, respectively.

Transformation ___HC = 48h - aHC HC = 48h - wHC HC = 4h - aHC
temperature HT/pme Tpeak/°C HT/pme Tpeak/°C HT/pme T1,peak/°C Tz,peak/QC
200 °C 11.27 82.8 0.09 150 2.14 70.0 -
250 °C 13.08 86.9 0.10 150 2.14 50.4 90
300 °C 17.46 112.0 0.48 150 1.75 50.4 98

In the unsaturated condition (samples charged with hydrogen for 4 h and
analysed 15 minutes after H-charging), hydrogen desorption effectively occurred in
two stages (Figure 3c). The amount of hydrogen absorbed during charging
decreased as the volume fraction of retained austenite increased (Table 3). At
isothermal transformation temperatures of 250 °C and 300 °C it was possible to
determine two peak temperatures. The first peak is associated with hydrogen
released from ferrite/austenite interfaces, whereas the second peak temperature



relates to hydrogen in solid solution released from retained austenite. The larger
fraction of retained austenite resulted in an increase in second peak temperature.

The effect of volume fraction of retained austenite and surface area of aly
interfaces on the total amount of hydrogen released is shown in Figure 4. When the
fraction of austenite increases, the total hydrogen desorbed increases linearly for
hydrogen saturated samples, i.e. the level of hydrogen saturation was found to
correlate to the volume fraction of retained austenite rather than to the surface area
of aly interfaces. The values calculated of the standardized coefficients* of Sy (0.46)
and V, (1.45) using multiple regression prove this result. In the unsaturated condition
(samples charged for 4 h), the total hydrogen desorbed decreased when the surface
area of a/y interfaces decreased.

In saturated samples, hydrogen desorption increases with retained austenite
volume fraction. In partially charged samples this trend is inversed; the amount of
desorbed hydrogen decreases from 2.14 to 1.75 ppmw, for example when the
retained austenite fraction increases from 0.26 to 0.34. This is caused by the
percolation effect of austenite, which has a threshold value at approximately 0.10
volume fraction [10].
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Fig. 4- Total hydrogen desorbed as a function of (a) retained austenite volume
fraction (Vy) and (b) surface area of ferrite-retained austenite (Sy).

Discussion

In TDA, the measured quantity is the rate desorption of hydrogen that diffuses
out through the material undergoing trapping and detrapping processes. It was
showed (Table 3) that about 97-99 % of the total hydrogen absorbed by the samples
is released at room temperature when TDA is carried out one week after H-charging.
This hydrogen is diffusible or weakly trapped (reversibly trapped hydrogen). When
trapping is weak, thermally activated diffusion through lattice is the rate-determining
process of desorption during the temperature ramp and the local equilibrium exists
between the lattice and trapped hydrogen, i.e., the rates of trapping and detrapping
are equal. In this work, the heating rate of 50 °C/h during TDA ensures local
equilibrium at each step of the slow temperature increase and dynamic local
equilibrium between the hydrogen in the trap sites and lattice sites.

! Standardized coefficients enable to compare the relative effects of two or more variables that have different
units of measurement by converting the variables into standard deviation units.



The effect of hydrogen trapping in retained austenite, at a/y interfaces and
dislocations during TDA experiments was simulated by using the hydrogen
desorption models developed by Song et al. [20]. This model permits multiple traps to
be included in the analysis and the consequence of the initial charging stage is to
distribute the hydrogen across the lattice and trap sites assuming local equilibrium.
The authors assume one-dimensional diffusion occurring through the lattice in a
direction normal to the plane drawn by the free surface of a steel sheet using a finite
difference method (FDM), while the hydrogen interacts with multiple kinds of traps of
different binding energies, such as interfaces, dislocations, and retained austenite
[20].

For the local equilibrium condition, Oriani’'s equation was used [33]:
0:(1-6L) _ exp (Eb) 1]

oL(1-6,) RT

where 0 is the fractional occupancy of trap (t) or lattice (L) sites (8=C/N), C is the
hydrogen concentration in trap (t) or lattice (L) sites, N is the number of trap (t) or
lattice (L) sites per m®, T is the absolute temperature and Ej is the trap binding
energy (J/mol). From Eq. [1], it can be showed that the hydrogen concentration in
trap sites is proportional to the number of trap sites.

The hydrogen desorption was simulated considering three traps: dislocations,
retained austenite and a/y interfaces. The number of lattice sites (N.) in bainitic
ferrite, 2.6x10%° m™, was calculated as proposed by Song et al. [20]. However, it was
assumed in the current model that this value is proportional to the volume fraction of
bainitic ferrite. The diffusivity of hydrogen in ferrite considered here was Do=5.8x10®
m?s™” and the activation energy, Q=4.5 kJ/mol [34]. The number of trap sites at aly
interfaces, Nty, was assumed proportional to the surface area per unit volume and
dislocation density [35]. The number of trap sites in the retained austenite, Nt;, was
assumed proportional to the volume fraction of retained austenite. The number of
trap site at dislocations was assumed to be Nt;=1r.p.b?>.N., where b is the magnitude
of the dislocation Burges vector (2.7x10'10 m), p is the dislocation density and N is
the number of lattice sites.

Peet and Hojo [7] have conducted thermal desorption experiments in
nanostructured bainitic steels, including one tempered at 500 °C. In the sample as-
isothermally transformed with 35.1% retained austenite the amount of hydrogen
desorbed was 7.1 ppmw, but in the tempered sample (without retained austenite) the
amount of hydrogen desorbed was 3.0 ppmw. The amount of hydrogen in ferrite
(stored at interfaces and dislocations) was 3.0 ppmw (the cementite itself is not a
prominent trap in tempered structures [36]) and 4.1 ppmw in retained austenite.

Considering this result, it was assumed in the current model that the same
number of trap sites at a/y interfaces and in retained austenite for samples isothermal
transformed at 200 °C, charged with hydrogen for 48 h, and analysed by TDA 15
minutes after H-charging. The number of trap sites at dislocations, assuming
p=7x10" m for nanostructured bainite transformed at 200 °C (according to Garcia-
Mateo et al. [23]) is Nt;=3x10% m™, and the trap binding energy for dislocations
associated with the elastic strain field is 27 kJ mol™ [19]. Using these conditions in
the model, the amount of hydrogen desorbed from dislocations, interfaces and
retained austenite was 0.7, 5.0 and 6.3 ppmw respectively. After aging for 15 min the
amount of H left in the sample at dislocations is 6% the total absorbed amount. The
H atoms that were weakly trapped at dislocations would have been released from the



sample during this aging period. If the transformation temperature increases, as the
dislocation density decreases, and the number of trap sites at dislocations is
reduced. Therefore, the amount of H left in the sample at dislocations is negligible for
samples transformed at 250 and 300 °C.

Therefore, no separate peak related to this trap must be present in the spectrum,
and in this work the hydrogen desorption was simulated considering only two traps:
retained austenite and a/y interfaces.

The hydrogen saturated samples were investigated first. The number of trap
sites and the trap binding energies for a/y interfaces and retained austenite were
obtained by fitting the numerical model to the TDA curves for samples isothermal
transformed at 200 °C, and analysed 15 minutes after H-charging. The thermal
desorption rates were simulated assuming the following conditions: charging time of
48 h and the room temperature release time of 15 minutes. The number of trap sites
obtained was 3.6x10?° m™ and the trap binding energies were determined using the
simulation as 42 and 47 kJ/mol for a/y interfaces and retained austenite respectively.
These energy values were used to model the TDA curves for samples isothermally
transformed at 250 °C and 300 °C, using the values of the number of trap sites given
in Table 4. The closest fit to the data under the assumptions of unidirectional
hydrogen flow, local equilibrium, and the two kinds of traps used is presented in
Figure 5a. The amount of hydrogen desorbed from ferrite (interfaces and
dislocations) and retained austenite derived from simulation is given in Table 4. The
small difference in the binding energies of the two kinds of traps leads to overlap of
the detrapping events from the two traps and hence an apparently simple peak
shape.

Table 4. Parameters used in the modelling of TDA curves of saturated samples with
hydrogen. N is a number of lattice sites, Nt; and Nt, are the number of trap sites at
interfaces and retained austenite respectively. Ha and Hy are the amount of
hydrogen desorbed in ferrite and retained austenite respectively as derived from the
simulation.

;Z;gig{ﬂf;'on V, Sv/(nm)' Ny/m®  Nty/m® Nt/m® Ha/ppmw Hy/ppmw
200 °C 0.21 0.01975 2.01x10®° 3.6x10%° 3.6x10% 5.0 6.3
250 °C 0.26 0.01370 1.89x10%° 2.7x10%®® 5.4x10% 3.6 9.5
300 °C 0.34 0.00930 1.68x10%° 2.1x10%° 7.0x10% 3.3 14.1

In the modelling of the TDA curves of hydrogen unsaturated samples analysed
15 minutes after H-charging, and the following conditions were assumed: charging
time of 4 h and the room temperature release time of 15 minutes. The trap binding
energies were estimated at 42-44 kJ/mol and 52 kJ/mol for aly interfaces and
retained austenite respectively. The closest fit to the data is presented in Figure 5b.
For the conditions studied, a relatively larger difference in the binding energies of the
two kinds of traps leads to a curve in which hydrogen evolution effectively occurs in
two stages. The trap binding energy for retained austenite is larger than the value of
47 kJ/mol determined for saturated samples analysed 15 minutes after H-charging. In
case of unsaturated samples the traps with higher binding energy along the
distribution are filled first, and this explain the higher trap binding energy in these
samples. The trap binding energy has a distribution around an average binding
energy for each trap site.



The trap binding energy of 52 kd/mol is closely related to the peak temperature
of 150 °C for hydrogen saturated samples analysed one week after H-charging.

The trap binding energies ranging from 47-52 kJ/mol for retained austenite are
nearly equal to the values reported by Ningshen et al. [37] and Park et al. [38]. The
trap binding energies estimated by Ningshen et al. varied from 44.2 to 51.9 kd/mol,
depending on the austenitic alloy used. Park et al. [38] reported a trap binding energy
for retained austenite of 55 kJ/mol. These trap binding energies estimated from
thermal analysis are nearly equal to the activation energy for hydrogen diffusion in
austenitic matrix (48-54 kJ/mol) [32]. The binding energy obtained in this work
suggests that the observed hydrogen trapping capacity mostly originates from
austenite lattice sites for samples heated up to 300 °C.
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Fig. 5- Comparison between experimental and simulated hydrogen desorption curves
for: (a) saturated samples analysed after 15 minutes and (b) samples charged for 4 h
analysed 15 minutes after H-charging.

The numerical analysis was used to explore the effect of the a/y interfaces and
retained austenite as the preferred location for hydrogen trapping, considering
saturated samples. The parameters used were: 1) trap binding energy of 42 and 47



kd/mol for interfaces and retained austenite; 2) number of trap sites at interfaces
Nt;(Sv1)=3.6x10%> m™ and Nt;(Sv2)=0.62xNt;(Sv4); 3) number of trap sites in retained
austenite Ntz(Vy1)=3.6x1O25 m™ and Nt2(Vy1)=0.62xNt2(Vy2); 4) charging time of 48 h
and the room temperature release time of 15 minutes.

The results show that for the same volume fraction of retained austenite, an
increase of 62 % surface area per unit volume implied in an increase of hydrogen
desorbed by about 29 %. For the same surface area per unit volume of interfaces an
increase of 62 % in retained austenite fraction represented an increase of hydrogen
desorbed by about 36% (Figure 6). The retained austenite is more effective in
trapping hydrogen than ferrite-retained austenite interfaces. This result is supported
by the close correlation between the total hydrogen content after saturation and the
volume fraction of retained austenite (Figure 4) rather than surface area of aly
interfaces. In the unsaturated condition, the retained austenite becomes more
effective in hindering the infusion of hydrogen into nanostructured bainite than the aly
interfaces (Figure 4).
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Fig. 6- Simulated hydrogen desorption curves as a function of surface area of aly
interfaces and volume fraction of retained austenite.

It was observed, in unsaturation condition, that the retained austenite is effective
in reducing the intake of hydrogen, and so, it may be expected that this phase will aid
in resisting to the infusion of hydrogen in service conditions.

Conclusions

The results presented in this work have demonstrated, by using thermal
desorption analysis, the potency of a/y interfaces and retained austenite as hydrogen
trapping sites in nanostructured bainitic steel.

The retained austenite is more effective in trapping hydrogen than ferrite-
retained austenite interfaces, since a good correlation between the total hydrogen
content analysed just after saturation and the volume fraction of retained austenite
was observed, rather than the surface area of al/y interfaces. In the unsaturated



condition, the retained austenite is effective at hindering the infusion of hydrogen into
nanostructured bainite.

It was observed that 97-99% of the total hydrogen absorbed was released after
one week at room temperature and that the hydrogen atoms that remain in films and
micro blocks of retained austenite were released at a high peak temperature (=150
°C).

A model assuming local equilibrium was able to reproduce the hydrogen
desorption behaviour of the saturated and unsaturated samples with hydrogen by
taking into consideration the effect of two trap binding energies, and retained
austenite and ferrite-retained austenite interfaces as traps. A trap binding energy
ranging from 47-52 kJ/mol was estimated for retained austenite and this value
suggests that the observed hydrogen trapping capacity is mostly provided by the
austenite lattice sites.
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