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Abstract

A low carbon/ high chromium martensitic stainless steel, X17CrNi16-2, was heat treated using two
different hardening and tempering regimes (1050 °C/480 °C or 980 °C/600 °C) — promoting either a
high strength or high toughness state, respectively - and further combined with deep cryogenic
treatment (DCT) at -196 °C for 24 h. Over recent years DCT has been recognized as a promising
technique to improve the properties of steel, predominantly with respect to its tensile strength,
toughness and wear resistance. The influence of DCT on the hydrogen embrittlement resistance of
martensitic stainless steel has not yet, however, been reported.

A slow strain rate tensile test (SSRT) with simultaneous cathodic hydrogen charging was selected as
the method to assess potential susceptibility to hydrogen embrittlement (HE). Relatively low-intensity
hydrogen charging, utilizing a constant current density of 0.1 mA/cm?, in a non-corrosive, slightly
alkaline buffer solution, led to a clear reduction in the ultimate tensile stress. This reduction, and
therefore the HE susceptibility, was more pronounced in the steel with a higher strength (i.e. that
subject to the 1050 °C/ 480 °C heat treatment condition). Furthermore, DCT did not appear to have
any impact on the steel’s mechanical properties in the presence of hydrogen. Fractographic analysis
showed clear evidence of HE in the hydrogen-charged specimens.

This paper presents results of the SSRT tests and further fractography results, and discusses the impact
of conventional and deep cryogenic treatment on HE susceptibility.

Keywords: martensitic stainless steel, deep cryogenic treatment, hydrogen embrittlement, slow strain
rate tensile test

1. Introduction

Martensitic stainless steels (MSS) are a class of martensitic steels with a high Cr content, which
provides resistance against corrosion. This, in combination with their favourable mechanical
properties, allows them to be used in demanding environments. These steels are used in a wide variety
of fields, including the automotive, renewable, and nuclear energy sectors, the petrochemical
industry, and many others [1]. Martensitic steels obtain their mechanical properties through heat
treatment, which consists of two main phases: austenitization followed by quenching, and tempering
[2]. The latter involves reheating the steel to a specific temperature range, followed by controlled
cooling. Tempering improves the ductility and toughness of the material by refining the microstructure
and relieving internal stresses. Additionally, tempering mitigates the brittleness associated with the



as-quenched state, enhancing the overall mechanical properties of the material. The controlled
transformation of retained austenite (RA) plays a crucial role in balancing the combination of hardness
and toughness, thus optimizing the steel for a diverse range of applications.

Over recent years, deep cryogenic treatment (DCT) has gained attention as a promising modification
to conventional heat treatments (CHT) in a number of different alloys. During this type of treatment,
the material is exposed to sub-zero temperatures, which cause changes in the microstructure of the
metal; in the case of stainless steels, the most obvious change is the reduction in RA, caused by its
transformation to martensite [3]. The improvement in the mechanical, fatigue, and wear properties
of steels obtained through DCT has traditionally been attributed to the transformation of RA into
martensite [4] and the refinement of secondary carbides [5]. Recent studies, however, have also
shown the importance of the deformation of martensite during martensitic transformation at low
temperatures [6]. Furthermore, compressive strains are generated in austenite following the
transformation of martensite at low temperatures, which subsequently influences the stability of
austenite during the tempering phase [7].

The primary reason for the cryogenic treatment of martensitic stainless steels is to reduce RA, because
RA is metastable and can easily transform into brittle martensite, thus leading to a deterioration in
the properties of the material. Cryogenic treatment effectively reduces the levels of RA from 20-30%
to less than 2% [8,9]. In addition to reducing the amount of RA, DCT has also been found to accelerate
the precipitation of small globular carbides during tempering [10], austenite retransformation [11],
and overall microstructural refinement [8,11]. After DCT, martensitic stainless steels typically show
increased levels of hardness (up to 40 %), strength, and ductility (up to 25%) [9], although this is at the
expense of toughness and fatigue resistance, both of which reduce. This is mostly due to increased
carbide growth at the grain boundaries and a significant reduction in the austenite phase [11].

MSSs are generally considered as high-strength steels, having an ultimate tensile strength (UTS) of
above 1000 MPa. As such, they are susceptible to hydrogen embrittlement (HE). HE in steels is a
phenomenon that occurs when atomic hydrogen diffuses through a solid metal lattice, localizes
around crystal imperfections (vacancies, dislocations, grain boundaries, precipitates, inclusions,
interfaces, etc.) [12], and then interacts with the metal lattice structure, leading to a loss in ductility
and ultimately causing the material to become brittle [13]. Various studies have shown that only
diffusive hydrogen is responsible for HE, with any H atoms trapped in deep (irreversible) traps not
contributing to the phenomenon [14]. Multiple phenomena are involved in this process, including
hydrogen dissolution, hydrogen diffusion, hydrogen redistribution, and hydrogen interactions with
crystal imperfections. Consequently, several hydrogen embrittlement mechanisms have been
successively identified to explain the phenomena of HE [15—-17]. Of these, the two mechanisms most
likely to cause HE failure of high-strength MSS are hydrogen-induced decohesion and hydrogen-
induced plasticity [15,18].

HE presents a significant challenge in various industrial sectors; in the automotive, aerospace and oil
and gas industries, where high-strength steels are commonly used. HE is a particularly elusive form of
material degradation, as no discernible signs are evident with its onset and it cannot be detected
either visually or by any other simple method. Moreover, structural failure often occurs with a certain
delay, following interaction between the steel and hydrogen. The mechanisms underlying hydrogen
embrittlement are complex and multifaceted, involving factors such as hydrogen diffusion, trapping,
and interaction with lattice defects [19], and, despite extensive research efforts, are still not well
understood.

The ability to understand and mitigate hydrogen embrittlement is crucial for ensuring the reliability
and safety of structural components subjected to hydrogen exposure, making it a topic of ongoing
investigation.



In general, austenite has significantly higher solubility and lower diffusivity for hydrogen in comparison
to martensite. The austenite phase thus represents a high-capacity hydrogen trap, which is often
irreversible. When finely dispersed, such traps decrease the amount of diffusible hydrogen and
impede its movement, therefore decreasing the effective hydrogen diffusion coefficient [20]. On the
other hand, however, under sufficient stress or strain the RA can transform into fresh martensite. This
alteration at the microstructural level can significantly influence the resistance of steel to hydrogen
embrittlement.

The following section presents a short review of relevant studies recently conducted on hydrogen
embrittlement in martensitic steels and martensitic stainless steels, with a predominant focus on the
role of RA. Bacchi et al. [21] studied 16Cr5NiMo super martensitic stainless steel treated at three
different tempering temperatures, leading to RA contents ranging between 0 and 15%. While the
permeation tests revealed the effective hydrogen diffusion coefficient to be a decreasing function of
the austenitic phase fraction, the embrittlement effect was found not to strictly correlate with the
amount of RA, but rather to the large size of the prior austenitic grain [21].

Similarly, Lovicu et al. [22] studied martensitic quench and partitioning (Q&P) and quenched and
tempered (Q&T) steels with identical chemical compositions and similar strengths, but the former
contained 17.5% RA, while the latter contained less than 1%. After cathodic charging under identical
conditions, the normalized thermal desorption spectra showed a single peak in both steels at almost
the same temperature, indicating that RA does not act as a deep trapping site in that particular steel.
As the hydrogen concentration increases, the mechanical properties deteriorated faster in the Q&P
steel compared to in the Q&T steel. Interestingly, the reduction of UTS with increasing H content was
very low in the Q&T steel, while its ductility was greatly reduced. Yang et. al. [23] reported that RA in
Q&P steel retards diffusion and increases the solubility of hydrogen, thus contributing to the increase
in HE resistance.

It has also been reported in the literature [24] that an increased tempering temperature during Q&T
reduces the dislocation density [14,25]. The results of this study indicated that Cr-rich M,C; carbides
had an adverse impact on the HE resistance of tempered martensitic steel. It was also found that, in
addition to RA, carbides also increase the solubility of H [26]. Austenite is a metastable phase in
martensitic steels, which might transform to martensite under stress-strain and hydrogen attack. This
transformation, however, depends upon the chemical composition, governed by the stacking fault
energy (SFE) —the lower the SFE, the higher the susceptibility to transformation [27]. The presence of
hydrogen can also decrease SFE [28]. RA reduces the susceptibility to HE, as RA is a hydrogen trap [27].
During deformation, RA can transform into strain-induced martensite, which plays an important role
in the hydrogen-assisted fracture of metastable austenitic stainless steels in hydrogen [29].

Conclusions about the impact of RA on HE do, however, vary significantly: some authors report that
RA has a detrimental effect on HE [26], while certain studies suggest a beneficial outcome [30], and
others indicate little to no effect at all [21].

The main aim of this research was to investigate the influence of DCT, which is known to reduce RA in
MSS, on HE, and to compare the effect with that on steel subjected to CHT. To investigate this, a slow
strain rate test (SSRT) was conducted during non-intensive hydrogen charging. In addition to the
analysis of mechanical properties, post-examination of the fractured specimens was conducted using
scanning electron microscopy (SEM), back-scatter diffraction (EBSD), and microtomography.

2. Materials and methods



The material used in the present investigation was commercial X17CrNi16-2 martensitic stainless
steel. The chemical composition of the material, as analyzed by optical emission spectroscopy, is given
in Table 1.

Table 1: Chemical composition of the X17CrNil6-2 martensitic stainless steel. All results are reported in weight % [11]

%C  %Si  %Cr  %Mn  %Ni %S %Cu %Mo %N

X17CrNil6-2 0.17 0.29 15.2 083 1.5 0.017 0.19 0.11 0.02

Four different heat treatments, consisting of austenitizing, tempering, and DCT, were applied on
X17CrNil6-2 steel samples from a single batch and named E1 — E4. E1 and E2 were subjected to high
austenitizing and low tempering temperatures, in order to target high hardness and tensile strength
values, while low austenitizing and high tempering temperatures were used for E3 and E4, in order to
produce better toughness. Each conventional heat treatment group (E1 and E3) was matched with a
corresponding heat treatment regime including DCT (E2 and E4), which was performed immediately
after quenching (and before tempering) by submerging the specimens in liquid nitrogen at -196°C for
24h. The main details concerning the heat treatment procedures, the basic properties obtained
(hardness, tensile strength and fracture toughness) and the RA and carbide volume fractions are
summarized in Table 2, while other experimental details related to the heat treatment and properties
were reported by Jovicevi¢-Klug et. al. [3,11].



Table 2: Heat treatment and main properties of the martensitic stainless steel samples investigated [11]

E1 E2 E3 E4

Final Quenched | Final DCT
Austenitizing (°C/min) 1050/30 | 1050/30 | 1050/30 | 1050/30 | 980/30 | 980/30
DCT (°C/h) -/ -/ -196/24 | -196/24 |/ -196/24
Tempering (°C/h) 1x480/2 | -/ 1x480/2 | -/ 1x600/2 | 1x600/2
Hardness (HRC) 46.0 471 29.8 28.8
Tensile strength* (MPa) 1525 1589 1010 970
Fracture toughness | 73.8 29.1 82.7 77.7
(MPaVm)
% RA 15 3.5 1 1 2 <1
Carbides (Cr, Fe)sC, 3 2 3 1.5 4.5 6.5
(vol.%)

(Cr, Fe)2;C¢ | 20 <1 22 <1 12.5 13

*conventional tensile test at room temperature in the air according to SIST EN I1SO 6892-1

The microstructural features of the steel investigated, as well as the influence of DCT on the
microstructure and RA, have recently been published in two extensive papers by Jovicevi¢-Klug et. al.
[3,11] and are therefore only briefly summarised here. On average, martensitic laths were 50% coarser
after the first type of heat treatment process (specimens E1 and E2), with the second set (E3 and E4)
also showing a denser carbide population, particularly at the grain boundaries. Furthermore, much
larger carbides, a stronger carbide enrichment and a reduced (~40% lower) volume fraction of M,3Cg
carbides were observed in the second group. Specimens E2 and E4, which were subjected to DCT,
consisted of smaller martensitic laths and showed an enhanced precipitation of finer carbides in
comparison to the CHT specimens E1 and E3. Carbide growth at the grain boundaries was, however,
also detected in the DCT specimens (E2 and E4). The amount of RA in the steels subjected to DCT (1%
and <1% for E2 and E4, respectively) was lower than that of the steels that were treated
conventionally (15% and 2% for E1 and E3, respectively). The reduction in RA that occurred when
steels were subjected to DCT treatment was significantly higher in the case of the first heat treatment,
which consisted of a high austenitizing temperature and a low tempering temperature. A schematic



representation showing the evolution of the microstructure during DCT and CHT, alongside a detailed
explanation and discussion, has been presented in previous research [11].

The impact of hydrogen charging on the mechanical properties of the steel was investigated by a slow
strain rate tensile (SSRT) test, with multiple cylindrical specimens tested for each of the four heat
treatments, E1 — E4. Cylindrical tensile specimens with a rounded V-shaped notch on the gauge length
were manufactured on the lathe from a block of heat-treated steel. The dimensions of the specimens
are given in Figure 1.
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Figure 1: Dimensions of the SSRT tensile specimen (a) with a V-notch (b)

Cathodic hydrogen charging commenced simultaneously with the SSRT, which was conducted at room
temperature (23 + 1°C). After preliminary tests on the E1 specimens at higher current densities, which
resulted in very low ultimate tensile strength values, it was decided to proceed with galvanostatic
charging at a cathodic current of 0.1 mA/cm?. Cathodic charging was carried out using a Gill AC
potentiostat, conducted in a custom-made corrosion cell with a large-area Pt counter electrode
surrounding the tensile specimen gauge section. The bottom part of the tensile specimen was sealed
to the corrosion cell, while the top part was free to move due to elongation. Only the central part of
the specimen, encompassing the entire section between the specimen shoulders, was exposed to the
electrolyte. The electrolyte used for cathodic hydrogen charging was a slightly alkaline buffer solution,
consisting of 4.77 g/L Na,B,05(0OH),-10H,0 and 0.732 g/L NaOH. No corrosive species were added, so
as to avoid the occurrence of any other form of corrosion during the exposure. Hydrogen bubbles that
formed at the sample surface due to recombination were not removed, as the solution was stationary
in the corrosion cell. The strain rate of the SSRT was 10°%/s, which resulted in a cross-head
displacement rate of 12 nm/s for a 12 mm gauge length. Following fracture of the specimen, the
straining and cathodic charging were automatically switched off. The specimen may have then
remained in the electrolyte for several more hours before being unmounted, rinsed in deionized water
and dried. This non-aggressive solution did not cause any further corrosion or alteration in the
stainless steel investigated. To fully confirm that the solution itself had no meaningful impact (e.g.
stress corrosion cracking), one specimen was tested in the solution without polarization (i.e. no H
charging). The results for this trial were identical to those for the specimens tested in the air. To serve
as a reference, two specimens from each heat treatment procedure underwent the same SSRT test
conducted in the air (i.e. no cathodic charging in the electrolyte).

Electron-backscatter diffraction (EBSD) measurements were conducted using a Zeiss CrossBeam 550
focused ion beam scanning electron microscope (FIB-SEM) fitted with an EDAX Hikari Super EBSD
camera. EBSD post-processing was carried out using APEX and OIM 8.6 software. SE images were
obtained using an accelerating voltage of 15 kV and a 2.0 nA probe current. EBSD analyses were
performed on samples tilted at 70°, using a 10 nA probe current and a step size of 0.5 mm. The
crystallographic grain orientations are depicted on inverse pole figure (IPF) and image quality (1Q)



maps, with different colors representing the orientation of a specific sample direction within a crystal
frame.

The presence of cracks in the vicinity of the final fracture was investigated by the microCT technique
using an Xradia MicroXCT-400 device. Tomography scans were conducted at a source voltage of 100
kV and power of 10 W power, using a 4x magnification objective and taking 1601 images across a 360°
rotation. A single X-ray image had an exposure time of 15 seconds. A resolution of 4.19 um was
obtained, meaning that any cracks with an opening larger than 10 um were accurately detected.

3. Results and discussion
3.1. Mechanical tests

Results from the SSRT test, including the tensile strength and elongation at break, both in the air and
during hydrogen charging, are presented in Table 3 for each of the heat treatments investigated. For
each heat treatment, two specimens were tested in the air and three tested with simultaneous
hydrogen charging (with the exception of E1, where only two specimens were tested successfully).
Stress-elongation curves for selected tensile specimens from each heat treatment group (both H-
charged and air-tested) are presented in Figure 2. It is worth pointing out that results of the SSRT differ
from results of the conventional tensile tests (presented in Table 2) due to differences in the strain
rates and specimen shape.

It is evident from the stress-elongation curves depicted in Figure 2, and the outcomes presented in
Table 3, that the tensile strength and elongation of specimens E1 and E2 are significantly higher than
those of specimens E3 and E4 when tested in the air. This is mainly due to the lower tempering
temperature, which resulted in a less tempered martensite matrix with higher hardness levels and a
greater volume fraction of M,;C¢ carbides. Comparing the first set of specimens (E1 and E2), which
were heat treated at high austenitizing and low tempering temperatures, it can be seen that DCT
treatment (E2) slightly increases the mechanical properties following the SSRT test, as was expected
due to the reduction in RA. On the other hand, the opposite trend was observed with respect to the
tensile strength and elongation of specimens E3 and E4 when following the SSRT test in the air, with
the material exposed to CHT (E3) exhibiting slightly better mechanical properties than E4. This is
related to the finer martensitic laths and the enhanced and finer precipitation of carbides that
becomes predominant at low tempering temperatures, as well as the enhanced precipitation of
carbides at the grain boundaries.

During hydrogen charging, the mechanical properties of all the specimens tested were significantly
reduced. This reduction is significantly greater in materials E1 and E2. The materials E1 and E2 exhibit
a very high UTS in air and hydrogen charging therefore causes a severe reduction in their mechanical
properties. It has been reported in the literature [31,32] that alloys with a higher strength are more
susceptible to HE than those with a lower strength. A higher dislocation density and a greater amount
of defects in the lattice could lead to higher HE sensitivity. Deleterious effect of hydrogen is less
pronounced in materials E3 and E4, with the UTS values in air being lower. DCT treatment does not,
however, appear to either improve or worsen the mechanical properties of the hydrogen-charged
specimens in comparison to the corresponding CHT-treated specimens.



2500 . . . ;

E1-air —
E2-air ——
E3-air —
2000 [ E4-air —— /_H_J_/_,_,,-—f—** 1
E1-H o
E2-H //
& 1500 1 E3H — 1
P
o
% 1000 | 1
|
500 ¢ 1
|
0 | | | |
0 0.2 04 0.6 08 1 1.2 14

elongation / mm

Figure 2: Stress—elongation (displacement) curves for selected SSRT tests conducted in the air (thinner lines) and during
hydrogen charging at a current density of 0.1 mA/cm? (thicker lines)

A common way to quantify the susceptibility of a material to HE is the so-called dimensionless
hydrogen embrittlement index (HEI), as calculated by equation (1) [33],

Drr—Pfu)

HEI = Orr

(1)

where

@ r is the result of the property (f = force — F or elongation — /) obtained during the SSRT in air and

@ 1 is the result of the property (f = force — F or elongation — /) obtained during the SSRT under the
hydrogen-charging condition.

It can be observed from Table 3 that the HEI values calculated from the tensile forces at fracture are
significantly higher in materials E1 and E2 compared to in E3 and E4. The HEI calculated for elongation
shows a slightly smaller difference between the two groups of materials. There was no significant
difference between the HEI results of materials subjected to CHT and DCT in either of the basic heat
treatment groups.

Table 3: Tensile properties and HEI calculated for specimens tested in the air and during hydrogen charging (F.x— tensile at
fracture, lgqcrure — €longation at fracture, oy, =Fmay/tensile specimen cross section in the notch)

Om (MPa) /fracture (mm) HEI (O-) HEI (/)




Eiair [1955.1418.5) 1.34+0.04 | 0.70+0.02 | 0.66+0.03
Ein [580.8£39.0 | 0.45%0.02
Es.air 2072.0456.7| 1.34+0.04 | 0.69+0.07 | 0.64+0.05
E,n [642.6+£125.2| 0.4840.06
Es.air [1380.6+16.7| 1.11+0.01 | 0.24+0.03 | 0.42+0.03
Esn [1043.0+34.8 0.6410.04
Esair 1337.615.2 | 1.0640.1 0.21+0.04 | 0.39+0.07
Esn [1057.3153.6) 0.6510.0

HEl increases with increasing UTS in the air, the latter being predominantly the result of the tempering
temperature - namely, higher tempering temperatures result in a lower UTS [34].

3.2. Fractographic and micro-CT analysis of the fracture surface following the SSRT tests

Larger ductile voids and quasi-cleavage facets were evident on the fracture surface of the E1 and E2
specimens tested in the air (Figure 3a, b, e and f). There were more quasi-cleavage facets in the
fracture on the DCT specimen (E2 - Figure 3f) than in the CHT specimen (E1- Figure 3e). In comparison
to E1 and E2, the fractures of E3 and E4 have finer ductile micro-voids (Figure 3c, d, g and h). The
ductile micro-voids of the DCT specimen (E4 - Figure 3h), however, are coarser than those of the CHT

specimen (E3 - Figure 3g).




Figure 3: (a, b, ¢, d) respective SEM photos of the entire fracture surfaces of specimens E1 to E4 tested in the air
(magnification 33 x), and (e, f, g h) fracture surfaces at the edge of the specimens (magnification 1000 x) for specimens E1
to E4, respectively

In the hydrogen-charged specimens, micro-void coalescence (MVC) is present in the center of the
fractured surface, as shown within the circles in Figure 4a-d, outlined with dotted red lines. The area
of ductile fracture is larger in the specimens hardened at a low austenitizing temperature and
tempered at a high temperature (specimens E3 and E4, shown in Figure 4c and d), where the tensile
strength and hardness before hydrogen charging is lower than that of the specimens austenitized at
a high temperature and tempered at low temperatures (specimens E1 and E2, shown in Figure 4a and
b).

The outer zones of specimens E1 and E2 (Figure 4e and f), outside the area outlined in red, are larger
than in specimens E3 and E4, which is probably associated with the diffusion of hydrogen. In both sets
of specimens, the outer zone consists of quasi-cleavage features (QC) and intergranular (IG) cracks
between the prior austenite grains. Intergranular cracks, some wide open, were observed on all
specimens tested during hydrogen charging (Figure 4e-h). This zone of fracture was hydrogen-assisted.
The fractured facets of specimens E1 and E2, located in the hydrogen-assisted region, were coarser
than the surfaces of specimens E3 and E4 - previous research suggests this is a consequence of the
larger prior austenite grains and coarser martensite laths in the specimens E1 and E2 [11].

Based on the appearance of the fracture, and taking into consideration the high local stress near the
V-notch where the crack is initiated and propagated, it is very likely that the dominant mechanism of
fracture for the first set of specimens (E1 and E2) is HEDE. This can be explained by the influence of
tempering temperature on strength (with a higher tempering temperature lowering the strength)
[14,35,36]. According to Oriani’s theory [20], the hydrostatic stress that exists in front of the notch
crack defines the equilibrium hydrogen concentration that can be attained in front of the opened crack
tip. A higher yield strength results in a higher hydrostatic stress and consequently a higher hydrogen
concentration in front of the crack tip. Additionally, lower tempering temperatures do not allow
sufficient relaxation of the quenched microstructure. The remains of structural defects on prior
austenite grain boundaries can accumulate a higher amount of hydrogen atoms, causing their
decohesion [37]. In the case of the second set of specimens (E3 and E4), which were tempered at a
higher temperature, decohesion of the grain boundaries was evident but no further plasticity-related
fracture facets were observed [36].
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Figure 4: (a, b, c, d) SEM photos of the whole fractured surfaces of specimens E1 to E4, respectively, during hydrogen charging
(magnification 33 x), and (e, f g, h) the fractured surfaces at the edge of the specimens (magnification 1000 x), in specimens
E1 to E4, respectively)

MicroCT analysis of the fractured sections of the E1 material was performed on one specimen tested
in the air (Figure 5a and b) and one specimen tested during hydrogen charging (Figure 5c and d). It can
be seen from this analysis that no secondary cracks were present when the SSRT test was conducted
in the air (Figure 5b), whereas in the hydrogen-charged specimen several cracks penetrating the core
of the tensile test specimen are visible after the fracture, mostly outside the hydrogen-assisted zone.
It can be concluded from these results that a single crack propagated within the zone of hydrogen
diffusion during the SSRT tests, indicating high brittleness in this part of the fracture. Beyond this area,
crack branching was observed (Figure 5d).
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Figure 5: MicroCT scans imaging the upper surface of the fractured end of the E1 specimen tested a) in the air and c) during
hydrogen charging, with a visualization of the cracks (marked in red) for the same specimen tested b) in the air (no
propagation of secondary cracks observed) and d) during hydrogen charging

3.3. EBSD analysis of cracked specimens exposed to hydrogen charging

According to previous research [3], specimen E1 had the highest RA volume, at 15%. Figure 6a shows
an EBSD phase map of this sample. At a lower magnification, a high presence of the austenitic, fcc
phase (marked in green) can be observed in the lower part of the image, away from the propagating
crack. Enlarging the region, as shown in Figure 6b, reveals only a few small islands of the austenitic
phase. Corresponding IPF+IQ maps of this specimen, presented in Figure 6¢ and d, show randomly
oriented fine martensitic laths, interrupted with elongated, banded delta ferrite bands with
thicknesses of up to 30 um. The cracks cross the bands of delta ferrite and do not appear to progress
along them. The opposite, however, was observed in specimen E2, as can be seen in Figure 7. Similar
to the E2 specimen, cracks in the E3 specimen propagate along the banded delta ferrite (Figure 8),
with a few small RA islands present on the walls surrounding the crack. In this specimen the delta
ferrite is also elongated, but it is thinner than it is in specimen E2.
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Figure 6: EBSD phase maps of cracks in the axial plane of steel specimen E1, shown at different magnifications (a and b); bcc
phase (red) - martensite and delta ferrite; fcc phase (green) — austenite; and the corresponding IPF+Ql maps (c and d). The
fracture is at the top.
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Figure 7: EBSD phase maps of cracks in the axial plane of steel specimen E2, shown at different magnifications (a and b);
bcc phase (red) - martensite and delta ferrite; fcc phase (green) — austenite; and the corresponding IPF+Ql maps (c and d).
The fracture is at the top.

Figure 8: EBSD phase maps of the axial plane of the E3 specimen containing the phases bcc (red) - martensite and delta
ferrite, and fcc (green) — austenite (a), and the corresponding IPF+Ql maps (b). The fracture is at the top.

A characteristic crack in specimen E4 is presented in Figure 9a (phase map) and b (IPF+IQ map). The
crack occurs at the tip, which is blunt, and is surrounded by delta ferrite (Figure 9b). Here some fine
RA is also observed at the crack wall.

14



Figure 9: (a) EBSD phase maps of the axial plane in the E4 specimen, containing the phases bcc (red) - martensite and delta
ferrite and fcc (green) — austenite, and (b) the corresponding IPF+Ql maps. The fracture is at the top.

Based on the results of the SSRT tests, it can be concluded that DCT does not have a significant effect
on the mechanical properties measured during hydrogen charging when compared to CHT. This is true
for both groups of the material, which differ with respect to the temperature of austenitization. This
finding is consistent with some sources in the literature [21], but contradicts others that have reported
RA to have a beneficial effect on HE resistance [30]. Other studies have, however, indicated a
detrimental effect [26]. The lack of RA near the V-notch in specimen E1, particularly around the
propagating cracks, as evident in the EBSD images (Figure 6), could be explained by the transformation
of RA into strain-induced martensite, due to the instability of the austenitic phase [27,29,38]. Despite
this observation in the E1 specimen, the HE susceptibility of this specimen, in terms of HEl and fracture
appearance, did not significantly differ from specimen E2, which had a far lower amount of RA before
testing. Although hydrogen diffusion rate and solubility tests were not carried out within this
investigation, the hydrogen diffusion coefficients of set E1-E2 and set E3-E4 can be compared based
on the fracture analysis (Figure 4). As previously observed, the outer zone (the outer red line in Figures
4a-d) reaches deeper into the specimen in E1 and E2, indicating a deeper ingress of the hydrogen.
When also taking into account the shorter charging time (a shorter time to fracture, see Figure 2) in
these specimens, it becomes evident that the hydrogen diffusion coefficient in E1 and E2 is higher
than that in E3 and E4. This contradicts the results of Zafra et.al. [14], who found that a higher
tempering temperature led to a higher hydrogen diffusion coefficient - in our case, however, not only
the tempering temperature but also the austenitizing temperature was varied. Consequently,
different microstructures are formed, varying in terms of the appearance of martensite laths, prior
austenite grain size and boundaries, carbides type, size and precipitation intensity, dislocation density
and banded delta ferrite [39—-41], etc... The higher HE susceptibility in the first set of specimens (E1
and E2) can be attributed to the higher tensile strength, resulting from both the difference in heat
treatment temperatures as well as from the differences in microstructure previously mentioned. One
of the most obvious differences between the specimens tested is their microstructures, as reported
by Jovicevi¢-Klug [3,11]: specimens E1 and E2 have coarser martensitic laths, whilst the microstructure
of specimens E3 and E4 is finer. A higher tempering temperature results in more tempered martensite,
with finer laths and larger carbides, and consequently a lower hardness [42]. Another obvious
difference that can contribute to the HE susceptibility of the steels investigated is the amount of
carbides [3,11]. Namely, it has been reported that the solubility of hydrogen increases in the presence
of carbides [26]. In the present study, a higher amount of precipitates was observed in the first set of
specimens (E1 and E2) than in the second (E3 and E4), but the difference between the total amount
of carbides in E1 and E2 (23 and 25 vol%, respectively) and E3 and E4 (17 and 19.5 vol%, respectively)
was not significant.
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The present study indicates no influence of RA on HE susceptibility, but irrespective of the results it is
important to consider that V-notch specimens yield different outcomes to smooth specimens, arising
from differences in the concentration and distribution of stress [36].

4. Conclusion

In this work, we compared the impact of hydrogen charging on the mechanical properties of
X17CrNil6-2 martensitic stainless steel, treated using either conventional heat treatment or deep
cryogenic treatment.

Based on the results of the slow strain rate test during hydrogen charging, and observation of the final
fracture, we can draw the following conclusions:

- Deep cryogenic treatment combined with heat treatment consisting of a high austenitizing
temperature (1050 °C) and low tempering temperature (480 °C) reduces the amount of
austenite retained in the microstructure [3,11]; no impact, either positive or negative, on the
material’s resistance to hydrogen embrittlement, was, however, observed.

- The effect of hydrogen was more detrimental in the first set of specimens i.e. the steels heat-
treated at a high austenitizing temperature (1050 °C) and low tempering temperature (480
°C), where a 70% reduction in tensile strength was observed; steels heat treated at a lower
austenitizing temperature (980 °C) and higher tempering temperature (600 °C), on the other
hand, only exhibited a 30% reduction in tensile strength. The primary reason for this is most
probably the finer lath microstructure of the latter specimens, which slows the diffusion of
hydrogen.

- It can be concluded from results of the electron back-scatter diffraction analysis that, in the
case of specimen E1 (conventionally heat-treated at a high austenitizing temperature [1050
°C] and low tempering temperature [480 °C]), which contained 15% of retained austenite, the
austenite retained near the propagating cracks was transformed to deformation-induced
martensite during the SSRT test.

- It is believed that, in all the specimens investigated, the most probable mechanism of
hydrogen-assisted cracking is hydrogen-enhanced decohesion, caused by the high stress
intensity near the V-notch in the tensile test specimens.
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