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Abstract

Prior austenite grain (PAG) structure is an important factor influencing hydrogen embrittlement (HE) susceptibility of ultrahigh-
strength steels. In this study, the effect of PAG shape and size on HE behaviour is investigated using a novel tuning-fork testing
method and hydrogen thermal desorption spectroscopy (TDS). Different PAG structures were acquired via re-austenitization (860
°C = A860, 960 °C = A960) and rapid quenching of an as-received 500 HBW direct-quenched (DQ) steel, which has an auto-
tempered lath-martensitic microstructure and elongated PAG morphology. Fractography reveals different crack propagation
mechanisms depending on the PAG shape. With the elongated PAG structure, hydrogen-induced crack propagation transverse to
elongated PAGs was transgranular quasi-cleavage. Propagation was partially intergranular with the equiaxed PAG structures,
regardless of the PAG size, leading to equally faster fracture. The TDS results show that there are no significant differences between
the total hydrogen contents, but re-austenitized A860 and A960 steels contain a higher fraction of weakly trapped hydrogen. This
indicates that the PAG boundaries are not the dominant hydrogen traps, and the different crack propagation mechanisms are rather
linked to the geometrical shape of the grain structure.
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1. Introduction

Hydrogen embrittlement (HE) is a known issue for ultrahigh-strength steels, where the presence of hydrogen in the
material causes unwanted brittleness and degradation of mechanical properties. [1] Hydrogen (H) is the lightest of
elements, and it can readily diffuse inside the material interstitially, along the grain boundaries and moving
dislocations. [2,3] In HE failures, hydrogen diffuses to the regions of high tensile stresses, and with a critical
concentration causes fracture. [4] However, hydrogen diffusion is hindered by various traps present in the
microstructure. [4,5] The traps can be divided into weak reversible and strong irreversible traps. In weak traps that
have a low binding energy, hydrogen is released easily, which can promote HE. The strong traps have a high binding
energy, immobilising hydrogen, which may improve the HE resistance if the traps are distributed evenly. [6,7]

Martensitic ultrahigh-strength steels are especially prone to HE. [8] Martensite formation occurs by quenching of
austenite, where each prior austenite grain (PAG) transforms into martensite consisting of laths, blocks, and packets.
All above-mentioned interfaces are possible hydrogen trapping sites together with dislocations, vacancies, solutes,
precipitates, inclusions, and voids. [6] Martensitic microstructure inherits the shape and size of the PAG structure,
which affect the properties of a steel, like HE susceptibility as PAG boundaries can act as diffusion paths or hydrogen
traps. [9,10] In hydrogen-induced fracture, cracks often propagate along the PAG boundaries causing brittle
intergranular fracture. [11]

The shape and size of the PAG structure can be modified by manufacturing processes and parameters such as
austenitization temperature and finishing rolling temperature. [12,13] Traditionally manufactured martensitic steels
have an equiaxed PAG structure as a result of the reheating and quenching process, where austenite is always
recrystallized before quenching. [14] A modern way to produce martensitic steels is direct quenching (DQ), where
hot rolling can be done with either recrystallized or non-recrystallized austenite, followed by immediate quenching.
If hot rolling is done below the recrystallization finish temperature, the PAG structure will be elongated parallel to the
rolling direction. [15,16] In this study, we investigate the HE susceptibility of elongated and equiaxed PAG structures
from the same alloy.

2. Materials and methods

2.1. Test materials

A direct-quenched (DQ) martensitic steel 0.25C-0.1Si-0.25Mn (wt.%) with elongated PAG structure was re-austenitized at 860°C/960°C for 25
min and quenched in a water-oil emulsion. As a result, two steels (A860 and A960) with different equiaxed PAG structures were obtained with
the same alloying composition and similar hardness and tensile strength as those of the original DQ material. All steels have an auto-tempered
martensitic microstructure with a negligible amount of retained austenite (< 1%) estimated by XRD analysis. The studied PAG structures are
presented in

Figure 1, and Table 1 shows the mechanical properties, average PAG size (dg), PAG boundary surface area per
unit volume (Sy), and PAG aspect ratio (RD/ND) of each steel grade, where RD = rolling direction and ND = normal
direction. DQ and A860 steels have approximately the same dg, but different PAG shapes and A860 and A960 steels
have the same PAG shape but a fourfold difference in dg. This type of steel comparison allows for investigating the
effect of both the size and shape of the PAG structure.

Table 1. Mechanical properties and PAG characteristics of investigated steels.

. Measured hardness Yield strength =YS Tensile strength = TS dg Sv
Material (HBW) (MPa) (MPa) (@m)  (mm¥mm) ROND
DQ 484 (£3) 1411 1632 9.6 270 3
A860 482 (+£2) 1155 1592 9.4 221 1

A960 475 (£2) 1102 1529 42.6 46 1
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Figure 1. PAG structures of (a) the original DQ, and re-austenitized (b) A860 and (c) A960 steels.

2.2. Testing methods

Novel tuning-fork test and hydrogen thermal desorption spectroscopy (TDS) were utilized in this study. In the
tuning-fork test, notched specimens were locally stressed beyond the yield point and in situ charged until failure (3%
NaCl + 3 g/l NH4SCN, -1.2 Vygmgsos). Tuning-fork specimens were cut by wire electrical discharge machining
(WEDM) and all the outer specimen surfaces were lightly polished with 600 and 1200 grit emery papers. Stressing of
the specimens was conducted with a loadcell clamping (HBM C9C, 2 kN) that applied arm displacement of 5.3 — 5.7
mm. In the selected environment, testing of unnotched and notched specimens was not possible in the elastic region.
Even when stressed at the yield point of the material, the stress concentration was ineffective in causing crack initiation
within 24 hours.

During hydrogen charging, a crack initiates at the bottom of the notch under tensile stress state and propagates
through the specimen. Figure 2a presents the tuning-fork geometry with marked rolling direction (RD) and Figure 2b
the clamped specimen with the highlighted plastic zone. Our previous research has shown that steels with equiaxed
PAG structures produce similar results with differently oriented specimens [30]. Therefore, RD was only considered
with DQ specimens due to the microstructural anisotropy of the PAG structure.
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Figure 2. (a) Tuning-fork geometry with marked RD and (b) FEM model of stressed tuning-fork with a small plastic region.

The obtained time-force data from each test was used to calculate the crack initiation time (ti) and time-to-fracture (tf)
with a specially designed graphical user interface (GUI) tool. First, a moving point average of 5 was applied. Then,
based on the average of the first 100 values, and the average of the last 20 values, the respective start and end lines
were drawn. The angle between the start/end line and the data points was compared, and when it reached 5°, it was
marked as ti/tf as presented in Figure 3.
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To compare the different materials, finite element method (FEM) models were calculated according to the applied
distance to quantify the maximum opening stress component (c11) for each steel. The data was then normalised by
dividing each t; and t¢ by material specific 611/YS to allow the comparison of materials with different yield strengths.

250 Start line
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= Filtered force
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Figure 3. An example of a t-F curve with initiation time (t;) and time-to-fracture (t;) determined with the 5° limiting angle.

The same hydrogen charging conditions as in the tuning-fork tests were utilized in 2.5 h charging of TDS specimens
(3 samples/material). For the selection of hydrogen charging time, hydrogen uptake was measured as a function of the
electrochemical charging time for DQ in the range of 0.5 — 14 h.

TDS specimens (10 x 5 x 1 mm) were wire cut by EDM and mechanically polished with 1200 grit emery paper to
remove the oxidised layer. Each specimen was spot welded to an electrode extender and the welded section was Teflon
taped to expose only the specimen surface to the electrolyte. After charging, the specimens were de-coupled from the
extender, cleaned with running distilled water, and sent for hydrogen concentration measurement. Before TDS, the
specimens were dried with helium to prevent formation of moisture on surfaces. The time after H-charging to the
initiation of TDS measurements did not exceed 10 minutes.

3. Results and discussion
3.1. Tuning-fork test
Normalised force-time data from the tuning-fork tests with steels DQ, A860, and A960 are presented in Figure 4.

All curves have a similar shape, with an initial steady-state initiation region followed by a gradual lowering of the
force values caused by crack propagation.
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Figure 4. (a) Raw and (b) normalised t-F data from tuning-fork tests.
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Figure 5. Normalised initiation time (ti) and time-to-fracture (tf) results of investigated materials.

Figure 5 shows normalised t; and t; results. Both t; and tr times are significantly longer (p = 0.05) for the elongated
PAG structure in comparison to the equiaxed PAG structures, which suggests that the elongated PAG structure has a
better resistance against HE. At the same time, different grain sizes of the equiaxed PAG structures show similar
performance levels, indicating that the PAG size in the range of 10 — 40 um does not affect HE susceptibility. It must
be noted that the results followed the same trend regardless of normalisation of t; and t;. The same trend for t; persists

also with calculated hydrostatic stress, which is the driving force for H diffusion.

Fractography reveals different crack propagation mechanisms depending on the PAG shape and/or heat treatment
(Figure 6). Hydrogen-induced crack propagation is transgranular quasi-cleavage with the elongated PAG structure,
and with the equiaxed PAG structures, it is partly intergranular.

Figure 6. General (left) and detailed (right) views of fracture surfaces of investigated steels.
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Because of the differing crack paths, shorter t¢ can be linked to the intergranular crack propagation of A860 and
A960 steels regardless of the PAG size. Intergranular cracking appears often in reheated and quenched martensitic
steels in hydrogen-related fracture. This tendency increases with increasing segregation of impurities and second-
phase particles along the PAG boundaries. [17] There is a different thermomechanical history for DQ with strained
austenite and A860/A960 steels with unstrained austenite. With high temperature austenitization of A860/A960,
impurities can locally accumulate at the PAG boundaries in strain-free austenite. However, in this case, the amount
of grain boundary impurity elements is globally the same for all steels. In theory, a bigger Sy of A860 provides
enhanced distribution of impurity elements over a larger area in comparison to A960. This should improve the
hydrogen resistance, but it did not have an effect. Therefore, the change in the cracking mechanisms is mainly a
consequence of different PAG shapes, and likely also of differing heat and deformation histories.

With the elongated PAG boundaries, the dihedral angle in the transverse direction is larger in comparison to the
equiaxed structure. Therefore, intergranular crack propagation in the elongated PAG structure requires more
deflections and energy to occur in comparison to the equiaxed PAG structure. [18] If the applied stress is parallel to
the elongated PAGs, transgranular quasi-cleavage facture occurs since large stresses do not act on the PAG boundaries.
[19] With an elongated, irregular PAG shape, the structure of grain boundaries is considered to suppress intergranular
crack propagation to a certain degree, but the equiaxed PAG structure is more prone to the intergranular crack
propagation.

3.2. TDS
For DQ, hydrogen uptake is measured as a function of electrochemical charging time as presented in Figure 7. After

2.5 h, hydrogen concentration approaches a certain plateau, and therefore this time is enough to provide saturated
hydrogen concentration and a homogeneous distribution of hydrogen in the specimens.

25 25h DQ
o—e @
o
20t [ |
.,. | —@— H-concentration measured with TDS
H-charging:

3% NaCl + 0.1% NH,SCN, -1.2 V
at room temperature

3

Hydrogen concentration (wt.ppm)
o

Time (h)
Figure 7. Time-dependent hydrogen uptake of DQ.

The TDS curves and calculated total hydrogen contents are presented in Figure . The hydrogen desorption curves
consist of two distinctive components, a lower temperature peak (375 — 500 K), and a higher temperature peak (500
— 875 K). The lower temperature peak is typically associated with weakly trapped hydrogen in traps such as grain
boundaries and dislocations and high-temperature peak with irreversible trapping sites. [20,21]

No significant differences are detected between the total hydrogen contents, which is contradictory because of the
fourfold difference in PAG size between DQ/A860 and A960 steels. The effect of PAG size on hydrogen concentration
has been previously investigated with a tempered martensitic steel, where different equiaxed PAG sizes were obtained
by varying re-austenitization temperature in the range of 880 — 1250 °C. Hydrogen content was reported to be 0.3
wt.ppm for an average PAG size of 36 pm, which was less than half for the same alloy steel with a PAG size of 6 pm.
[13] In 8Ni-0.1C martensitic steel, PAG refinement from 24 um to 4.2 um increased the hydrogen absorption capacity,
too. [22] However, these studies do not mention the amount of retained austenite, which can substantially affect
hydrogen content, while in our case the amount of retained austenite was less than 1 % for all materials.
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Despite the similar total hydrogen content, there are distinct differences between the lower temperature TDS peaks
of the investigated steels. For A860 and A960 steels, the lower temperature TDS peaks are significantly higher in
comparison to that of DQ, suggesting that these steels contain more weakly trapped hydrogen. This contrasts also with
the Sy of the materials since the steel with a lower amount of PAG boundaries contains more weakly trapped hydrogen.
Further investigations are required to understand the true state of hydrogen and the mechanisms governing the
hydrogen-microstructure interaction, diffusivity and trapping in the studied steels. Current results indicate that the
PAG boundaries are not the dominant weak hydrogen traps, and the different crack propagation is rather linked to the
geometrical shape of the grain structure and grain growth mechanisms.
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Figure 8. (a) TDS curves and (b) total hydrogen content of investigated steels.
4. Conclusions

The effect of different PAG structures of the same alloy on hydrogen embrittlement (HE) susceptibility was
investigated with a novel tuning-fork test under plastic straining and complemented with thermal desorption
spectroscopy (TDS) measurements using the same hydrogen charging environment. DQ steel with elongated PAG
structure has a superior HE resistance in transverse direction, with longer crack initiation time and time-to-fracture in
comparison to re-austenitized steels with equiaxed PAG structures. Differences are attributed to a change in the crack
propagation mechanism from transgranular quasi-cleavage to partly intergranular fracture, depending on the PAG
shape. Elongated PAG structure leads to a slower quasi-cleavage fracture, and equiaxed PAG structure is prone to
intergranular crack propagation. TDS results show that investigated steels have similar total hydrogen concentrations
but different trapping properties with equiaxed recrystallized PAG structures having more weakly trapped hydrogen.
The results indicate that PAG boundaries are not the dominant hydrogen traps in these as-quenched martensitic steels,
and the different crack propagation modes are linked rather to the geometrical shape of the grain structure and grain
growth mechanisms.
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