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Abstract

Hydrogen embrittlement (HE) of steels and other alloys is a long-standing scientific and
engineering problem causing sudden premature failures of industrial components. Although
several mechanisms of hydrogen-assisted cracking (HAC) have been proposed, there is still
neither commonly accepted agreement on the exact role of hydrogen in this process nor the
reliable way to recognize the operating mechanism of HAC. In the present paper, we endeavor to
demonstrate that the acoustic emission (AE) technique is a promising tool for in-situ
investigating of HAC mechanisms and distinguishing between them. The experiments were
performed using the low-alloy steel grade 09G2S obtained in the low-strength as-received state
and the high-strength state after severe plastic deformation by equal channel angular pressing
(ECAP). The specimens of both kinds were tensile tested before and after hydrogen charging as
well as after removing diffusible hydrogen for evaluation of the influence of hydrogen induced
cracks (HICs). It is established that HICs, which are formed during hydrogen charging, do not
affect the mechanical properties, fracture surface topology and the AE behavior in both as-
received and ECAPed specimens, provided that diffusible hydrogen is removed from the steel.
Two different kinds of HAC were observed. The first operated in the as-received low-strength
steel; it produced weak AE response and was featured by the formation of fisheyes defects with
quasi-cleavage morphology. The second type of HAC was observed in the ECAPed high-
strength steel; it generated high-energy AE signals and was featured by the formation of mixed
torn/cleavage morphology on the fracture surface. Obtained results are discussed and explained
from the viewpoint of the known mechanisms of HAC including hydrogen-enhanced localized
plasticity (HELP), hydrogen enhanced decohesion (HEDE) and others.

Keywords: hydrogen embrittlement, acoustic emission, equal channel angular pressing;
severe plastic deformation, fractography, quasi-cleavage, hydrogen assisted cracking, low-alloy

steel, fisheyes.



1. Introduction

Failures of steel components due to hydrogen embrittlement (HE) are omnipresent and
everlasting in the industry [1]. The complete elimination of such failures is difficult because of
the high cost of materials that are immune to HE. In turn, the development of economic ways to
increase the resistance of steels to HE is impeded by the complexity of this phenomenon which
has not been comprehensively understood up to date despite significant efforts in the field. Since
the driving mechanism of HE is unclear, it is impossible to construct a reliable predictive model,
which makes it challenging to forecast the service life and, therefore, to plan maintenance of
steel equipment operating in hydrogen-bearing environments.

It has been well established that hydrogen dissolved in a steel matrix can recombine into
molecules, producing high local pressure in bulk and causing hydrogen-induced cracking (HIC).
Alternatively, if hydrogen remains in a diffusible protonic form, it can activate and facilitate
crack growth, which is referred to as hydrogen-assisted cracking (HAC). The latter requires
external stress and is accompanied by the change in the fracture mode from ductile to brittle (at
least by visual evaluation). Several theories have been proposed to explain the nature of HAC
[2-4]. Despite the difference in details, the proposed mechanisms can be divided into two
substantially different groups — “brittle” and “ductile”. The first group of models implies that
hydrogen induces brittle fracture through the reduction of interatomic bonds strength due to the
hydrogen-enhanced decohesion (HEDE) mechanism [5,6] or due to suppressing of the
dislocation emission from the crack tip [7]. Both mechanisms assume that brittle cracking occurs
when the critical concentration of diffusible hydrogen is attained locally [6,7] (particularly at the
crack tip). It is believed that at such a hydrogen concentration, the stress required for brittle
fracture becomes lower than that needed for dislocation emission ensuring stress relaxation by
crack tip blunting. If any of these mechanisms operate, the fracture mode should be similar to the
conventional brittle fracture such as that observed for a given material due to cold embrittlement.
Usually, this approach applies to explain the HE phenomenon in high-strength steels exhibiting
cleavage or intergranular fracture surfaces. The second group of models has footed on the
premise that hydrogen promotes and modifies the microvoid-coalescence (MVC) fracture mode
due to the interaction of atomic hydrogen with other crystallographic defects. Hydrogen-
enhanced localized plasticity (HELP) [2] and adsorption-induced dislocation emission (AIDE)
[3] mechanisms imply that hydrogen facilitates and localizes dislocation processes in bulk or in
the vicinity of the free surface, respectively. The vacancy-induced nanovoid nucleation and
coalescence (NVC) theory [4] considers stabilization of vacancies by hydrogen as a key factor
causing a premature fracture. According to these theories, the fracture surface of the hydrogen



embrittled metals is only seemingly brittle. On the fine scale, it consists of shallow dimples, tear
ridges and other features typical of the locally plastic behavior. In particular it is believed that
these mechanisms can be responsible for the formation of specific quasi-cleavage fracture
surfaces referred to also as “cleavage-like” or “quasi-brittle”, which are usually found in the low-
strength materials such as pure iron and low-carbon steels. Martin et al. [8] concluded that the
formation of quasi-cleavage morphology in hydrogen embrittled low-carbon steel is assisted by
the HELP mechanism and is advanced by nucleation, growth, and coalescence of micropores at
the intersection of slip planes. Based on the AIDE theory, Lynch proposed that seemingly flat
cleavage-like fracture surfaces consist in fact of nano-dimples and are produced by facilitated
coalescence of the crack with nano-voids. Neeraj et al. [9] indeed found the nano-dimples on
quasi-brittle facets in ferritic steels. However, they suggested that this relief can arise from the
NVC mechanism. Although many results [3,8-13] supporting the existence and even coexistence
and synergistic interplay [14-16] of the all theories above have been reported recently, there are
no reliable techniques capable for recognizing the operating mechanisms of HAC and
distinguishing between them.

The modern acoustic emission (AE) method might be one of the most promising tools for
this purpose. With its outstanding sensitivity to elementary processes of plastic deformation and
fracture including dislocation slip and twinning [17,18], crack nucleation and growth [19,20],
etc., AE provides a unique opportunity for real-time non-destructive monitoring and assessment
of damage accumulation processes including HAC. It is plausible to expect that “brittle” and
“ductile” HAC mechanisms mentioned above should exert substantially different effects on AE
behavior. In particular, it is known that dislocation-mediated plastic deformation processes and
MVC fracture are usually accompanied by continuous noise-like AE with a quite low
energy/power in contrast with common brittle cleavage or intergranular fracture which is
featured by burst type high-energy AE signals.

Indeed, contradictory results have been reported with regard to the effect of HE on AE,
depending on the material and experimental conditions. Although convincing evidences exist for
the strong high-amplitude AE signals produced by advancing cracks in steels embrittled by
hydrogen [21-28], either no change or even reduction of the AE amplitude and activity have
been observed in some steels after hydrogen charging while the fracture mode has altered from
ductile to brittle and the ductility has dropped [29,30]. The high-amplitude burst type AE was
mainly observed during intergranular HAC in high-strength martensitic steels 4340 [22,27] and
300M [24], austenitic stainless steel 304 [25,26,31], high-carbon steels grade 70 [28,32], U8 [33]
and others [25], and also in iron with P segregated at grain boundaries [25,31]. Vasudevan et al.
[23] have found that the intergranular fracture of the 0.05C microalloyed steel welds is a weaker



source of AE than the transgranular quasi-cleavage fracture in the welded 0.26C-Mn steel when
both steels were saturated with hydrogen. In contrast You et al. [29] have shown that hydrogen
charging of the low-carbon 2.25Cr—1Mo steel led to appearance of quasi-cleavage regions in the
fracture surface, which accompanied by the decrease in the AE energy in the yield plateau region
during tensile testing. Merson et al. [30] have observed no significant change in the AE behavior
after hydrogen charging of the low-carbon steel S235JR though the drop of the tensile elongation
at break and the appearance of fisheye defects with the quasi-cleavage morphology on the
fracture surface were found.

The literature survey shows that there is a trend to observe a higher AE response from
intergranular HAC in high-strength and high-carbon steels than that from quasi-cleavage in mild
and low-carbon steels. This is exactly what one expects if HAC occurs either by “brittle” or
“ductile” mechanisms in high- or low-strength steels, respectively. However, at present, it is not
possible to establish any quantitative relationship or even a correlation between AE parameters
and features of HAC because the all aforementioned studies were performed at different
experimental conditions including chemical compositions of materials, the hydrogen charging
and mechanical testing methods, specimen geometry and size, settings and types of AE
equipment, etc. In order to establish the relationship between the HAC fracture mode and the AE
behavior, these factors should be kept the same in a series of experiments. To the author’s best
knowledge, no direct comparison of AE features arising from different fracture modes in the
hydrogen embrittled steel at the same experimental conditions has been performed up to date.
Thus, the main objective of the present study is to assess the effect of fracture mode on the AE
behavior in the hydrogen embrittled low-alloy steel.

2. Experimental

The commercial low-carbon low-alloy steel grade 09G2S manufactured in accordance with
the GOST 27772-88 standard was received as hot-rolled bars of 20 mm diameter. The chemical
composition of this steel is close to EU analogs - 13Mn6 (Germany) or VH2 (Hungary) and is
provided in Table 1. When hydrogen charged in the as-received state this steel is prone to quasi-
cleavage fracture similarly to other low-strength steels. To promoted an alternative fracture
mode, the as-received steel was significantly strengthened through the thermo-mechanical
treatment including the following steps: 1) homogenizing annealing at 810 °C followed by
quenching in water, 2) tempering at 450 °C, 3) cold severe plastic deformation by “CONFORM”
equal-channel angular pressing (ECAP) to 4 passes by the Bc route and 4) annealing at 350 °C
for residual stress removing®. During the past 3 decades ECAP has become a popular pathway

for manufacturing bulk ultra-fine grained materials with a combination of remarkably high

L All treatments concerning to ECAP were conducted in the Ufa State Aviation Technical University



strength and reasonable ductility (though the latter is often below expectations). The
comprehensive review on the principles, advantages and disadvantages of this technique can be
found elsewhere [34]. In the present study, the ECAP-based treatment was employed to obtain
the high-strength steel with the same chemical composition as in the low-strength as received
state. The as-received (hot-rolled) and ECAPed bars were longitudinally sliced to 2.4 mm thick
plates by the electrical discharge machine. They were then grounded down to 2.1 mm thick. Flat
and smooth specimens for tensile testing with 4x15 mm? gage dimensions were cut from the

obtained plates and grounded by emery paper #240.

Table 1 — Chemical composition of the steel grade 09G2S (GOST 27772-88).

Elements, w. %

C Si Mn P S Cr Ni Cu \% Al Fe

0.091 | 0.722 | 1.358 | 0.016 | 0.011 | 0.097 | 0.072 | 0.235 | <0.005 | 0.018 Base

Cathodic hydrogen charging was performed in 5% H>SO4 + 1.5 g/l of thiourea solution at
20 mA/cm? current density during 1 hour. Platinum wire was used as an anode. Within 5 minutes
after hydrogen charging the specimens were washed in running water, dried by hot air, rinsed in
CCl4 and subjected to tensile testing.

Hydrogen charging can produce the hydrogen-induced cracks (HICs) even without any
external stress. Serving as stress risers, the HICs might affect the fracture mode without
assistance of diffusible hydrogen, especially in the high-strength steel. In order to evaluate the
influence of irreversible damage produced by hydrogen charging, the diffusible hydrogen was
removed from several as-received and ECAPed specimens before tensile testing. To remove
diffusible hydrogen and to measure its concentration, the annealing was performed by the inert
carrier gas hot-extraction method in the gas-analyzer Galileo G8 (Bruker). The specimen was
heated in a quartz tube with the flowing pure nitrogen carrier gas. Hydrogen extracting from the
specimen was carried out by the flux of pure nitrogen to the thermal conductivity detector where
hydrogen concentration was determined by the difference between thermal conductivities of pure
nitrogen and its mixture with extracted hydrogen. Each specimen was heated up to 200 °C with
the heating rate of 17 °C/min and held at the destination temperature for 15 min. One of the
hydrogen-charged ECAPed specimens was also degassed in a two step procedure comprising of
holding at 200 °C for 30 minutes followed by 5 min holding at 300 °C. These two regimes of
degassing will be further referred to as “degassing at 200 °C” and “degassing at 300 °C”. It was
not possible to confirm that diffusible hydrogen was completely removed from the steel by these

procedures. However, one can say with confidence that at least its concentration should be




substantially reduced. The concentration of diffusible hydrogen in the specimens, which were
not degassed before tensile testing, was determined after tensile test by degassing at 200 °C in
the gas analyzer.

Thus, three batches of specimens were used for tensile testing: (i) “not charged” — the
specimens which were not subjected to hydrogen charging, (ii) “hydrogen charged” and (iii)
“degassed” — the hydrogen-charged specimens which were degassed before tensile testing. All
specimens were tensile tested using a screw-driven testing frame with the crosshead velocity of 5
mm/min (6:107° s1).

To promote the conventional purely brittle fracture mode, the standard Charpy tests on the
not charged as-received and ECAPed specimens having a V-shape notch and 10x10x55 mm?®
dimensions were conducted in accordance with the ASTM A370 standard at liquid nitrogen
temperature for comparison.

Raw AE data were recorded during the tensile tests in the continuous threshold-less mode
using a broadband (200-750 kHz) piezoelectric sensor Pico (Physical Acoustics Corporation,
PAC) mounted on the specimen through the grease. The signal from the transducer was
amplified by 60 dB using the low-noise 2/4/6 (PAC) 30-1300 kHz amplifier and then fed to 16
bits ADC PCI-2 (PAC) operated with the sampling rate set as 2 MHz and additional
amplification set as 6 dB. Using the home-made software, the acquired streams were sectioned
into successive realizations (“frames”) of 2 ms duration. A power spectral density (PSD)
function was calculated for each frame using a conventional Welch technique. The average
energy, Eage, per frame were calculated in the frequency domain. For every test, the total AE
energy accumulated during the whole test, ZEag, and before fracture, ZE"ag, was calculated as a
sum of energies of all AE frames with energy exceeding that of AE frames corresponding to the
background noise. The curves of Eae accumulation during the test were plotted as a function of
strain or time.

Examination of the microstructure and morphology of side surfaces and fracture surfaces
was performed using a filed-emission gun scanning electron microscope (SEM) SIGMA (Carl
Zeiss) equipped with the EDAX/TSL Hikari XP electron back scattering diffraction (EBSD)
detector. The standard RD (rolling or extrusion direction), TD (transverse direction) and ND

(normal direction) designations of planes were used for the metallographic study.



3. Results
3.1. Effect of hydrogen charging on microstructure and surface before tensile testing

As-received specimens have a typical ferrite-perlite microstructure with coarse equiaxial
ferritic grains of 10 um average diameter, as can be seen in Fig. 1a. The wide assortment of non-
metallic inclusions such as Al>Os or elongated sulfides MnS is abundantly present in the
microstructure, c.f. Fig. 2a, b.

After hydrogen charging, the surface of the as-received specimens contains blisters, Fig.
2c, which are the regions of the inflated metal surface with underlying HICs, see white arrows in
Fig. 2d. The HICs are oriented primarily along the rolling direction of steel. They probably
originate at non-metallic inclusions/matrix interfaces or grain boundaries but ones nucleated they

grow transgranularly across the ferritic grains, as clearly shown in Fig. 2d.
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Fig. 1 — Microstructure — (a), Energy Dispersion X-ray (EDX) spectra — (b) for the non-
metallic inclusions seen in (a), hydrogen-induced blisters on the surface — (¢) and hydrogen-
induced cracks in the microstructure — (d) of the as-received steel.



When examined by conventional SEM, the etched polished surface of the ECAPed steel
demonstrates a distorted ferrite-pearlite microstructure with slightly smaller ferritic grain size in
comparison with that in as-received steel, Fig. 2a. Grains are elongated in the direction of ~45°
to the extrusion direction, which is a common feature of many ECAPed microstructures.
Nevertheless, the orientation map obtained by the EBSD technique and inked in inverse pole
figure (IPF) colors shows that during ECAP the steel undergoes severe plastic deformation
resulting in substantial grain refinement, Fig. 2b. The microstructure exhibiting a pronounced
macroscopic texture is composed of small grains or sub-grains with the average diameter of 0.6
um. Dislocation-based low-angle grain boundaries are clearly seen in the original grains where
transformation of the microstructure into the ultra-fine grained one has not been completed.

The thin near-surface HICs (but no blisters) have been observed in the hydrogen-charged
ECAPed specimens, Fig. 2c, d. All of them are primarily transgranular and are oriented at
approximately 45° to the extrusion direction of the steel. Thus, they are aligned with the primary

direction of grains elongation which occurs in the shear plane of the last pressing operation.

Fig. 3 — Microstructure — (a, b) and hydrogen-induced cracks (e, f) of the ECAPed steel

grade 09G2S. (a, ¢, d) — SEM, (b) — Inverse Pole Figure (IPF) colored orientation map obtained
by the EBSD method. A magnified view of the region labeled by A is shown in (d).



3.2. Effect of hydrogen charging on hydrogen concentration

According to the results of the gas-analysis presented in Table 2, the concentrations of
diffusible hydrogen before (C'y) and after (CRu) tensile testing are similar. All specimens contain
the quite high diffusible hydrogen concentration. It is however much higher in the ECAPed

specimens (of 11 ppm) than in the as-received ones (of 2 ppm).

3.3. Effect of hydrogen charging on mechanical properties

The stress-strain diagrams of the not charged as-received specimens demonstrate the
region of quasi-elastic deformation followed by a pronounced yield plateau with a stress drop in
the beginning and the strain hardening commencing at the end of the plateau, Fig. 3a.

As follows from Table 2 the hydrogen charging of the as-received specimens results in the
decrease of their elongation, which is compromised mainly due to shortening of the necking
stage, Fig. 3c. Nevertheless, the fracture of the as-received specimens is always preceded by
appreciable localized deformation in the neck. Removing of diffusible hydrogen from the as-
received steel before tensile testing results in the complete recovery of mechanical properties and

the shape of the stress-strain diagram, c.f. Table 2 and Fig. 3e.

Table 2 — Initial C'y and residual CRy concentration of diffusible hydrogen, tensile
properties and AE characteristics of the steel grade 09G2S in the as-received and ECAP states

before and after hydrogen charging.?

. As-received ECAP
Specimen
type Not Hydrogen | Degassed Not charaed Hydrogen | Degassed |Degassed
charged | charged | at 200 °C 9 charged | at 200 °C |at 300 °C
C'y, ppm - - 2.0 - - 10.7 11.0
CRy, ppm - 2.0+ 0.2 - - 11.7+28 - -

3, % 39.8+£1.2(279+0.1| 396 13.1+0.2 | 0.7%£0.2 10.9 13.3
outs, MPa | 485+3 | 4922 489 837+ 12 701+ 4 827 831
ZESﬁ’iérb' 45+18 | 51+17 | 48 |188+116/1068+252 65 13.8
ZEFAE, arb. 0.0022+

units 41+16 | 41+£0.7 4.5 0.0002 90.3+28.6 0.4 0.14

2 The standard deviations presented in the table after “+” sign were determined using results for 2-4 specimens
tested at the same conditions. If standard deviations are not shown, the results were obtained from one specimen.



The ECAP results in the substantial increase of the steel strength but the elongation is

compromised, Table 2. The stress-strain behavior is also changed, so that the yield plateau

vanishes completely, and both the strain hardening stage and the necking stage shorten, Fig. 3b.

After hydrogen charging the fracture of the ECAPed specimens occurs suddenly in the

region of quasi-elastic deformation or at the very beginning of the strain-hardening stage, so that

the strain at fracture does not exceed 1 %, Fig. 3d. Degassing at 200 °C for 30 minutes followed

by 5 minutes additional annealing at 300 °C completely recovers the mechanical properties of

the hydrogen-charged ECAPed steel, c.f. Table 2. The shorter degassing at a lower temperature

is less effective. It also remarkably reduces the harmful effect of hydrogen charging on ECAPed

steel properties, Fig. 3f.

5004 150
400 H40
£ 300 430
=
g 2004 Stress 420
[ Energy of AE B
7 I —— Cumulative energy of AE
1004 1/ 410
0 LT 2 X . | 0
0 10 20 30 40 50
Strain, %
5004 150
4004 140
£ 300 =430
=
g 2004 420
7]
100 4 410
0y T T T 0
0 10 20 30 40 50
Strain, %
150
140
& 430
=
4 420
2
7]
410
ST " i i 0
0 10 20 30 40 50
Strain, %

AE Energy, arb.units

AE Energy, arb.units

/, arb.units

AE Energy

1 1.0x10°
48.0x10*
46.0x10*
44.0x10°
42.0x10°

- 0.0

7 1,0x10°
18.0x10°
1 6.0x10°
4 4.0x10°
12.0x10°

- 0.0

1 1.0x10°
48.0x10*
46.0x10*
44.0x10*
42.0x10°

- 0.0

Cumulative AE energy, arb. units

Cumulative AE energy. arb. units

Cumulative AE energy. arb. units

Stress, MPa

Stress, MPa

Stress, MPa

10004 50
(b)
800 140
600+ 30
400 420
200+ —//— 410
0 T T T 0
0 4 8 12 16
10004 150
800 440
600 430
400 20
2004 410
0 0
0 4
Strain, %
1000+ 50
(f)
800 140
600 30
400 20
200 10
0 T T T 0
0 4 8 12 16
Strain, %

AE Energy, arb.units

AE Energy, arb.units
\

AE Energy. arb.units
\

7 1.0x1
735.0x1

6

SO

5

48.0x10'

6.0x10'

44.0x10'

42.0x10'

71.0x10°
15.0x10°

- 0.0

6

18.0x10°
16.0x10°
14.0x10°
12.0x10°
40,0

1,0x10°
5.0x10°

48.0x10°

6.0x10°
4,0x10°
2,0x10°

2
=)

its

Cumulative AE energy. arb. un

Cumulative AE energy. arb. units

Cumulative AE energy. arb. units

Fig. 3 — Stress-strain diagrams and concomitant AE behavior - AE energy values and AE energy

accumulation curves - for the as-received - (a, ¢, €) and ECAPed - (b, d, f) specimens tensile

tested before - (a, b) and after hydrogen charging (c, d) and after hydrogen charging and

degassing at 200 °C for 15 minutes - (e, f).

3.4. Effect of hydrogen charging on acoustic emission



The AE behavior during tensile tests of the not charged as-received specimens is typical
for low-carbon steels, see Fig. 3a. The highest rate of AE energy accumulation is observed
during the yielding stage. After sharp peaking, the AE activity reduces during the strain
hardening stage until fracture that is accompanied by strong AE transients as illustrated in Fig.
3a. Throughout the test AE appears as a mixture of continuous noise-like and discrete burst type
signals. It has been well established that continuous AE in such steels is produced by cooperative
dislocation movement while the burst-type AE is often associated with fracture of non-metallic
inclusions or cementite lamellas [35].

It is interesting that hydrogen charging of the as-received specimens does not result in any
notable change in the AE behavior, see Fig. 3c, despite the fact that HE has occurred and
manifested itself through mechanical properties, and many alternations in the microstructure and
fracture surface (see discussions above and below in the text). As follows from Table 2, before
and after hydrogen charging the total AE energies accumulated during plastic deformation before
fracture, ZEFag, and during the whole test of the as-received specimens, ZEag, are approximately
the same within the regular scatter. The degassing procedure also does not result in any notable
change in the AE behavior, as can be seen in Fig. 3e and Table 2.

Negligible AE has been detected during tensile testing of the fine grained ECAPed
specimens before hydrogen charging except the final fracture stage when strong AE impulses
emerge, see Fig. 3b and Table 2. Obviously the lack of AE is explained by severe cold working
of the steel caused by ECAP so that plastic deformation processes are limited and do not produce
measurable AE in a severely hardened ECAPed material [36] in good agreement with the Kaiser
effect.

The hydrogen charging of ECAPed specimens results in the appearance of high-energy
transient AE signals, Fig. 3d. The AE activity in this case starts shortly after the onset of loading
during the quasi-elastic deformation. It then dramatically increases shortly before final fracture
which is accompanied by the large AE energy release. The total AE energy accumulated before
the onset of fracture is found by four orders of magnitude higher than that before hydrogen
charging and about 20 times higher than that in the as-received specimens, Table 2.

The degassing process leads to decrease of the AE intensity which becomes most
pronounced just before necking and during fracture, see Fig. 3f. The ZEae and ZE"ae values are
substantially lower than in the initial non-degassed specimens, Table 2. Nevertheless the
intensity of AE in the degassed ECAPed specimens is still much higher than in the not charged
ones. Besides, it depends on the effectiveness of degassing. As follows from Table 2, the
degassing at higher temperature and longer time results in better recovery of mechanical
properties concomitant with the lower total AE energy accumulated before fracture.



3.5.Effect of hydrogen charging on the fracture surface and the underlying microstructure
All tensile tested specimens, which were not charged with hydrogen, exhibit entirely
ductile fracture with the dimpled fracture surface, c.f. Fig. 4. Dimples are preferably nucleated

around nonmetallic inclusions, as can be seen in Fig. 4c, d.

Fig. 4 — Fracture surfaces of the as-received (a, ¢) and ECAPed (b, d) specimens tensile

tested before hydrogen charging: full-scale views (a, b) and magnified fragments (c, d).

Both type specimens impact tested in liquid nitrogen demonstrate brittle fracture surfaces,
c.f. Fig. 5. The fracture surface of the as-received specimens exhibits the regular transgranular
cleavage facets with typical river patterns and pronounced boundaries, Fig. 5a. In the case of
ECAPed steel, the fracture surface is composed of brittle terraces, Fig. 5b, which are linked by
the walls having a ductile dimpled relief, Fig. 5¢c. The morphology of the brittle terraces
primarily consists of cleavage facets. These facets appear highly distorted. However, they still
exhibit clear cleavage features such as river lines originating at the facets boundaries, Fig. 5d, e.
The minor part of the brittle relief is presented by smoothly curved regions with tear ridges, Fig.
5d, f. The larger areas having a similar morphology have been found close to the periphery of the



fracture surface. The surface of this kind will be further referred to as “tearing” morphology and

its probable origin will be discussed below.

Fig. 5 — Fracture surfaces of the not charged as-received (a) and ECAPed (b-f) specimens
after impact testing in liquid nitrogen: (a) — cleavage facets; (b) — terraced relief in the middle
part of the fracture surface; (c) — the magnified image of dimpled morphology from the ductile

terrace region indicated by arrow “A” in (b); (d) — the magnified image of mixed
cleavage/tearing morphology from the brittle terrace region indicated by arrow “B” in (b); (€)
and (f) — the magnified images of the cleavage and tearing morphologies from the outlined

regions marked as “C” and “D” in (d), respectively.



Hydrogen charging changes the fracture surface appearance dramatically for both the as-
received and ECAPed tensile tested specimens. About 50% of the fracture surface area of the
hydrogen-charged as-received specimens consists of numerous fisheye defects, Fig. 6a, which
are the round-shape regions having the faceted quasi-cleavage morphology and nonmetallic
inclusions in their centers, c.f. Fig. 6b and Fig.7. As follows from the primary orientation of
river-markings on the facets, the growth of fisheyes occurred in the radial direction from

nonmetallic inclusions serving as initiation sites, c.f. arrows in Fig. 6b.
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Fig. 6 — Fracture features of the tensile tested hydrogen charged as-received specimen: (a)

— full-scale view of the fracture surface; (b) — the magnified image of the fisheye defect from the
outlined region marked as “A” in (a); (c) — the cups-like profile of the fracture surface and

underlying fisheye cracks on the cross-section taken approximately along the dashed line “1-1”

in (a); (d) — the cross-sectional image of the fisheye crack originating at non-metallic inclusion.

The metallographic examination of the fracture surface cross-sections shows that fisheyes
have the cup-like profile and are formed by growth and coalescence of the cracks which are
readily found beneath the fracture surface, c.f. Fig. 6¢c. These cracks are approximately parallel
to the fracture surface and, in contrast with HICs, are oriented perpendicular to the rolling

direction and the tensile axis of the specimens, Fig. 6¢, d. It is clear that these cracks originate at



non-metallic inclusions and propagate in a transgranular manner as evidenced by Fig. 6d. Neither
such cracks nor the fisheyes were found in the hydrogen-charged as-received specimens, which
were degassed before tensile testing. In fact, the fracture surface of the degassed as-received
specimens is completely ductile and is the same as that before hydrogen charging, see Fig. 4a, c.
The quasi-cleavage facets on the fisheyes surface have a complex morphology, c. f. Fig. 7.
It composed of nearly-flat step-wise terraces with river markings, Fig. 7b-d, presented by straight
and Y-shaped tear ridges showed by arrows in Fig. 7b and c, respectively. Besides, there are thin
bands or striations approximately perpendicular to the river markings, as indicated by arrows in
Fig. 7f. 1t should be underlined that this morphology is completely different from the cleavage in
the as-received and ECAPed specimens tested in liquid nitrogen, Fig. 5a. For example, the facets
of fisheyes never have straight boundaries such as those indicated by arrows in Fig. 5a. In
common, the differences between cleavage and quasi-cleavage of fisheyes in steel 09G2S are the

same as in low-carbon steel S235JR as was described in detail in [37].

Fig. 7 — Fractographic features of the quasi-cleavage morphology in the hydrogen-charged
as-received steel: (a) —the magnified image of the quasi-cleavage facets from the outlined
region marked as “1” in Fig. 6b; (b-d) — magnified images representing nearly-flat terraces with

Y-shaped (b) and straight (c) tear ridges, and thin bands perpendicular to the river markings (d)



from the outlined regions marked as A, B, and C in (a), respectively. The features of interest are

indicated by arrows in each corresponding image.

Similar to the ECAPed specimens tested in liquid nitrogen, the fracture surface of the
hydrogen-charged ECAPed specimens is mainly characterized by the brittle terraces having the
mixed cleavage/tearing morphology, c. f. Fig. 8a, b, and ductile walls between them, the same as
those in Fig. 5b, c. However, in the case of hydrogen embrittled specimens, the amount of
cleavage facets is smaller while the portion of torn surfaces is larger in comparison with the low-
temperature embrittled ones, Fig. 8b. Besides, the areas with the tearing-only morphology with
no cleavage facets are found on the periphery of the fracture surfaces in the hydrogen-charged
ECAPed specimens, Fig. 8c, d. Obviously, one of such regions marked as “B” in Fig. 8a and
outlined by the dashed line in the Fig. 8c, was the place where fracture initiated as pointed out by
the terraces emanating from this region, see arrows in Fig. 8a and c. The diameter of this region

is about 1 mm.

%‘Fracture Orlgm Region :
awith Tearmg Only Morphology

Fig. 8 — The fracture surface of the hydrogen charged ECAPed specimen after tensile
testing: (a) — full-scale view; (b) — mixed cleavage/tearing morphology of the brittle terraces

from the region marked as “A” in (a); (c) - the magnified image of the fracture origin from the



outlined region marked as “B” in (a); (d) - the magnified image of the tearing-only morphology

from the outlined region marked as “C” in (¢).

Two cross-sections were prepared from the fracture surface of the hydrogen-charged
ECAPed specimen. The first was close to the side surface and the second was cut in the middle
part of the specimen as shown schematically by “2-2” and “3-3” dashed lines in Fig. 8a. Both
cross-sections demonstrate the fracture surface profile with the mixture of brittle and ductile
terraces which are approximately perpendicular to each other and are inclined to the tensile axis
of the specimen at about 45°, Fig. 9a, b. Numerous sharp cracks parallel to the brittle terraces can
be seen under the fracture surface on the “2-2” cross-section close to the side surface, see
arrowheads in Fig. 9a, while on the cross-section “3-3” close to the center they are almost absent,
Fig. 9b. This observation indicates that multiple cracking started from the side surface and then
one or few of such cracks provoked final fracture occurring by the critical growth of the one
major crack in the central part of the specimen. Figure 9a shows that the cracks under the
fracture surface are not linked to each other. Thus, it implies that their ductile coalescence
occurred at the final fracture stage. The appearance of these cracks shown in Fig. 9c, d is similar
to HICs which were found in the hydrogen-charged ECAPed specimens before tensile testing.
They are also inclined at ~45° to the specimen surface and are transgranular with respect to the
initial ferritic grains of the steel.
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Fig. 9 — Terraced profiles and underlying cracks of the fracture surface of the hydrogen-
charged ECAPed specimen: not-etched (a) — near side-surface and (b) — middle part cross-
sections of the fracture surface taken approximately along the “2-2"" and “3-3” dashed lines in the
Fig. 8a, respectively; (c, d) — one of the cracks beneath the fracture surface on the etched “2-2”
cross-section at different magnifications.

The specimens subjected to degassing at 200 °C (15 min) prior to testing exhibited the
mostly ductile fracture surface. However, several round shaped regions with the “tearing”
morphology could be found on the periphery. The diameter of these regions is not higher than
320 um. One of them is shown at higher magnification in Fig. 10b. This region is located on the
terrace which is the part of one of many cracks existing on the side surface of the specimen, see
arrows in Fig. 10a. Examination of the side surface showed that these cracks are inclined at ~45°
to the tensile axis of the specimen, and their surface is also characterized by the tearing-only
morphology. The same cracks are found in the near-side surface cross-section prepared from the
fracture surface of the preliminary degassed specimen, c. f. Fig. 10c, d. As can be seen, most of

the cracks beneath the fracture surface are wide open and well blunted.
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Fig. 10 — Fracture features of the hydrogen-charged ECAPed specimen degassed at 200 °C:
(a) — full-scale view of the fracture surface and side surface cracks indicated by arrows; (b) — the
magnified image of the torn region marked as “A” in (a) and highlighted by an ellipce; (c) —
blunted cracks beneath the fracture surface on the near-side surface cross-section; (d) — the

magnified image of the blunted crack from the region marked as “C” in (e).

Degassing at a higher temperature and longer time prior to mechanical testing results in the
almost complete vanishing of the tearing morphology on the fracture surface, Fig. 11a, b,
although many side surface cracks still demonstrate this kind of relief. The very rare example

(actually the only one) of the torn region with 130 um diameter is shown in Fig. 11c.



Fig. 11 — Fracture features of the hydrogen-charged ECAPed specimen degassed at 300 °C:
(a) — full-scale view of the fracture surface; (b) — the magnified image of the dimpled
morphology from the region marked as “A” in (a). (c) —the magnified image of the side surface
crack from the region marked as “B” in (a); (d) — the magnified image of the tearing-only

morphology from the region marked as “C” in (C);

4, Discussion

The presented results clearly show that after cathodic hydrogen charging both the as-
received and ECAPed specimens of the low-carbon steel grade 09G2S exhibit recognizable
symptoms of HE, including the appearance of hydrogen-induced defects, the ductility loss and
the change of the fracture mode from ductile to brittle. However the details of these HE features
as well as AE behavior are distinctly different for the two types of specimens of the nominally
the same steel.

The experiments with degassed specimens revealed that mechanical properties and fracture
surface of the hydrogen-charged steel in both as-received and ECAPed state could be completely
recovered by removing diffusible hydrogen from the specimens. It was noticed that the longer
duration and higher temperature of degassing were required for successful removing diffusible
hydrogen from the ECAPed steel. Thus, it is concluded that HICs, which are produced at present
hydrogen charging conditions, do not affect the tensile mechanical properties and fracture



surface of both the as-received and ECAPed 09G2S steels if the concentration of diffusible
hydrogen in these steels is low enough. Consequently, diffusible hydrogen plays the key role in
HE of the investigated steels.

4.1. Acoustic emission behavior and the mechanism of hydrogen-assisted cracking in the

as-received steel

According to fractographic observations, the formation of fisheyes occurs just during the
tensile test. Furthermore, it necessarily requires the presence of diffusible hydrogen in the as-
received steel. This statement is corroborated by the experimental fact that the fisheyes are not
produced if diffusible hydrogen is removed from the steel before tensile testing. As was shown
by the metallographic examination, the fisheyes are formed due to the growth of transgranular
cracks originating at non-metallic inclusions, Fig. 6d, which are commonly found in the centers
of fisheyes, Fig. 6b. Such cracks, as well as fisheyes, are oriented normally to the rolling
direction of the steel and to the HICs nucleating during hydrogen charging before the tensile test.
This means that fisheyes are not the result of the extension of HICs. Instead, fisheyes are
produced by propagation of newly formed cracks originating in the course of tensile
deformation, though the HICs apparently can sometimes serve as nuclei for the fisheyes.
Propagation of the fisheye cracks during tensile testing is accompanied by the formation of the
fracture surface having the specific faceted quasi-cleavage morphology, c.f. Fig. 7. However,
this process does not produce any significant AE. This is witnessed by the fact that the total AE
energy accumulated during tensile tests of the as-received specimens does not depend on
whether or not the fisheyes were formed in the steel, c.f. Table 2.

The weak AE response from HAC in the as-received specimens means that the fisheye
crack growth and the associated formation of quasi-cleavage fracture surface are not
accompanied by the significant rapid energy release as it would be reasonably expected and
regularly reported for brittle fracture. This suggests that the mechanism of fisheye cracking
differs from the common brittle fracture behavior. Indeed, it was shown that quasi-cleavage
morphology on the fisheye surface is completely different from cleavage, Fig. 5a, which occurs
in this steel due to cold embrittlement. This observation is consistent with the results of others
investigations [3,8,9,38-41] indicating that quasi-cleavage or cleavage-like fracture surfaces in
hydrogen embrittled mild steels and iron are distinctly different in both the morphology and the
formation mechanism from the cleavage or from what is commonly termed quasi-cleavage. The
latter is usually observed in high-strength martensitic steels. It is cleavage by nature because its
facets have {001} orientation as was shown by Beachem [42]. Many authors have shown that
crystallographic orientation of quasi-cleavage facets in hydrogen-embrittled pure iron and steel
corresponds to {110} and less often to {112} planes [38—41] instead of {001} planes in



cleavage. It was also found that quasi-cleavage facets on the fisheye surface have a two times
lower misorientation angle and a more curved profile in comparison with these for cleaved ones
[37]. Common features of such facets are the striation-like bands perpendicular to the crack
growth direction [3,38,40,41] and straight [8] or Y-shaped tear ridges [3], which are not found on
the “original” quasi-cleavage or true cleavage fracture surfaces. Very similar morphological
elements have been found in the present study on the surface of fisheyes, e.g., Fig. 7. The exact
mechanism of fisheye crack growth and formation of their quasi-cleavage morphology has yet to
be understood. However, plenty of evidence [2-4,8,9] indicates that plastic deformation affected
by hydrogen is pivotal in this process. Particularly, the need of plastic deformation for initiation
of fisheye formation has frequently been reported [1,30,43]. If HAC occurs due to a kind of
localized MVC process and the cleavage-like morphology is formed by either of scenarios
proposed by Lynch [3], Martin et al. [8] or Neeraj et al. [9] (see Introduction), the fisheye crack
growth should be relatively slow if compared with cleavage cracking. Indeed, the significant
energy release during the short period of time is unlikely from the process of such kind. This can
be a plausible reason for the apparent absence of AE related to HE in the as-received specimens.

Finally, it should be noticed that although there is no doubt that the fisheye cracking
process generates AE, due to the plastic origin on this strongly localized process, the associated
AE is significantly smaller than AE emanating from uniform plastic deformation or possibly
even smaller compared to the background noise. The use of advanced AE signal processing
techniques such as wavelet-based phase picking [44], spectral noise gating [45], cluster analysis
[46] and others helping to improve the signal-to-noise ratio and distinguish between the sources
of different kinds can probably resolve the specific signals from forming fisheyes. This will be
done in the further dedicated study and reported elsewhere.

4.2. Acoustic emission behavior and the mechanism of hydrogen-assisted cracking in the
ECAPed steel

The fracture process of the hydrogen-charged ECAPed specimens is admittedly more
complex. The fracture mechanism after ECAP differs from that in the as-received steel. The
detailed analysis of results is provided below to shed light on this mechanism and to identify the
main sources of AE.

Three kinds of morphologies have been observed on the fracture surface of the hydrogen-
charged ECAPed steel: 1) the ductile dimpled relief, Fig. 5¢, 2) the cleavage facets, Fig. 5e, and
3) the smooth curved surfaces with tear ridges referred here to as “tearing” morphology, Fig. 5f.

The analysis of the cross-sections of the hydrogen embrittled ECAPed specimens allowed
to conclude that the formation of ductile walls between brittle terraces is the very final event at



the fracture process because the brittle cracks beneath the fracture surface are mainly not linked
with each other, Fig. 9a. Thus, the influence of ductile rapture on the AE signal recorded before
the final break of the specimen should be negligible.

The regions of the tearing-only morphology have been found in the degassed specimens,
Fig. 10 and 11. It was established that these regions are produced by the growth of the side
surface cracks. Since the cleavage was not found in the degassed specimens, obviously the
propagation of the cracks resulting in the formation of tearing regions is the main source of the
burst AE during the deformation of the degassed ECAPed specimens until the final fracture, Fig.
3f. This conclusion is confirmed by the lower value of the total AE energy accumulated before
fracture in the ECAPed specimen which was degassed at 300 °C, Table 2. The much lower
amount of tearing morphology has been found in this specimen in comparison with the one
degassed at 200 °C.

As follows from the AE behavior in Fig. 3d and f the intensive cracking starts at very low
stress almost immediately after onset of loading of the specimens. Hence the fracture of the
hydrogen embrittled ECAPed specimens begins at the stress well below yield point and occurs
by the sub-critical growth of the multiple side surface cracks producing the regions with tearing-
only morphology on the periphery part of the fracture surface. When the size of such cracks
becomes essentially big, the local criteria of brittle fracture are met, and unstable critical crack
growth occurs. It is in some measure evidenced by the metallographic examination which
showed that no secondary cracks beneath the fracture surface are found in the bulk part of the
specimen. Another good illustration of proposed scenario is provided in Fig. 8c where it can be
seen that many brittle terraces having mixed tearing/cleavage relief originate at the boundary of
the near-side surface region with the dominated tearing morphology. Thus the critical crack
growth in the hydrogen-charged ECAPed specimens is accompanied by the formation of the
fracture surface featuring the mixed cleavage/tearing morphology. According to many previous
studies the cleavage fracture is recognized as a strong source of AE. In a good agreement with
that, the total energy of AE in the hydrogen-charged specimens is about 2-3 orders of magnitude
higher in comparison with the degassed ones which fracture surface does not contain cleavage
facets. Therefore, in the case of hydrogen charged ECAPed specimens the total AE energy
accumulated during the whole test, XEag, includes the energy of AE from: (i) the sub-critical
crack growth characterized by the tearing fracture mode and by the gradual increase of AE
energy at the onset of loading, c.f. Fig. 3d; (ii) the critical crack growth exhibiting the mixed
tearing/cleavage fracture morphology and accompanying by the dramatic increase in the AE
energy just before fracture; (iii) final ductile rupture of the walls of metal between the brittle
terraces at the break.



Figure 3f illustrates that the degassed specimens show no substantial increase of the AE
intensity just before fracture; the AE disappears almost completely before necking sets in. On the
other hand, no cleavage fracture has been observed in these specimens. Thus, the brittle critical
crack growth does not occur in the degassed specimens, and only sub-critical cracking and
ductile rupture contribute to the XEae value. It was shown that at a higher degassing temperature
and, consequently, at lower diffusible hydrogen concentration in the steel, the torn regions have a
smaller size. This suggests that the rate of the sub-critical crack growth depends on the
concentration of diffusible hydrogen in the ECAPed steel. Considering a relatively short time of
tensile testing, the side cracks do not have enough time to grow up to the critical size in the
degassed specimens having the quite low concentration of diffusible hydrogen. Hence, they
blunt by plastic deformation as illustrated in Fig. 10c, d. Indeed, Figures 10b and 8c show that
the diameter of the largest torn region on the fracture surface of the specimen degassed at 200 °C
is about three times smaller than the critical one in the not degassed specimen, Figs. 8c. As
follows from AE data in Fig. 3f, the growth of the cracks producing tearing morphology stops at
the necking point and only blunting occurs during further straining in the neck.

It is found that all side surface cracks are: (i) inclined at ~45° to the extrusion direction and
to the tensile axis of the specimen, i.e., aligned with the shear plane of the last pressing
operation; (ii) aligned with the direction of grain elongation caused by simple shear during
ECAP; (iii) transgranular with respect to the initial ferritic grains. These observations suggest
that they are identical to HICs which are formed during hydrogen charging in the ECAPed steel.
The existence of the specific shear plane predefined by the simple shear geometry of the die with
two intersecting at 90° channels facilitates the formation of HICs along this plane of the last
pressing operation. Thus, it can be concluded that HAC of the hydrogen-charged ECAPed
specimens occurs by the extension of the HICs pre-existed in the microstructure before tensile
testing. Alternatively, nucleation and growth of new cracks of the same kind are also possible.
The growth of such cracks produces the distinct fracture morphology featured by the smooth
curved surfaces with tear ridges. Despite the transgranular path of the cracks, this morphology is
markedly different from cleavage. A small fraction of this kind of fracture surface is also present
in the low-temperature embrittled ECAPed specimens which were not hydrogen charged. It
means that hydrogen promotes conventional brittle fracture while it does not produce any unique
fracture surface features in the ECAPed steel as it does, for example, in the as-received one.
However, in the presence of hydrogen, the tearing morphology prevails even during the critical
crack growth. Revealing the exact formation mechanism of such a fracture surface requires
additional thorough examination of the microstructure along the crack path, employing EBSD
and other high-resolution methods. This is the beyond the scope of the present paper and will be



a subject of future research. However, it can be plausibly supposed that these cracks grow along
the dislocation sub-structure (cell) boundaries which are abundantly present in the microstructure
of the ECAPed steel as was shown in Fig. 2b. The cells (or sub-grains), as well as cracks, are
stretched along the shear direction of the ECAP. It has been well understood that dislocations
and low-angle dislocation boundaries are strong traps of hydrogen. A particularly high local
hydrogen concentration can be achieved at these traps giving rise to the high average hydrogen
concentration in a whole specimen as well, c.f. Table 2. Hence, trapped hydrogen can weaken
the dislocation sub-boundaries, making them susceptible to easy crack nucleation and growth.
The strong transient AE during HAC in the ECAPed steel witnesses for the rapid release of
elastic energy accompanying the formation of the tearing morphology on the fracture surface. As
it has been discussed in Introduction, such a morphological feature is inherent to “brittle”
mechanisms of HAC like HEDE. Another argument in favor of the “brittle” mode of HAC is
based on the observation that hydrogen does not produce new features on the fracture surface of
the ECAPed steel in comparison with the ordinary brittle fracture of the ECAPed steel.
According to the HEDE theory, hydrogen can reduce the strength of the bonds between metal
atoms. Thereby the brittle fracture along the dislocation boundaries is reasonably expected as

they likely contain the high concentration of diffusible hydrogen.

5. Summary and conclusions.

The experimental findings of the present study indicate that, depending on the fracture
mode, HAC does not always produce a high-energy AE as the typical brittle fracture does. This
fact can be related to the complex nature of HAC. This should be accounted when the AE
method is used for non-destructive testing and monitoring of industrial components susceptible
to the influence of hydrogen. On the other hand, the AE method is found to be a promising tool
for the further investigation of fracture and deformation processes associated with HE. Another
important point of the present research is that the HAC mechanism can be changed by
modification of the steel microstructure, for example, by severe plastic deformation. However,
the exact reasons for these observations have yet to be understood.

The main conclusions of the present study can be summarized as follows:

1. The extent of influence of HICs on mechanical properties and fracture surface appearance
of the steel grade 09G2S in both as-received and ECAPed states depends strongly on the
concentration of diffusible hydrogen. The harmful effect of HICs can be completely eliminated
by a proper degassing procedure.

2. The AE behavior tensile testing of hydrogen embrittled steel is strongly influenced by the
fracture mode of HAC. In particular, the quasi-cleavage fisheye cracking in the hydrogen-



charged low-strength low-alloy steel produces substantially weaker AE in comparison with HAC
which accompanied by the formation of torn and cleavage fracture surface in the same steel
preliminary subjected to ECAP. Thus the AE method can be used for recognizing the fracture
modes of HAC and distinguishing between them.

3. The HAC of the ECAPed steel grade 09G2S starts at the quasi-elastic stage of tensile
testing and occurs by the brittle sub-critical growth of the side surface cracks producing the
specific tearing fracture surface morphology and strong AE. This process is followed by the
critical crack growth accompanied by mixed tearing/cleavage fracture and the dramatic increase
in the AE energy. It is suggested that this kind of HAC is the result of hydrogen-enhanced
decohesion along the low-angle dislocation boundaries created during ECAP.

4. HAC of the as-received 09G2S steel occurs transgranularly resulting in the formation of
fracture surface consisting of fisheye defects with the faceted quasi-cleavage morphology which
is completely different from the cleavage patterns found in the same steel tested in liquid
nitrogen. Because of the low AE response, it is suggested that HELP, AIDE or NVC
mechanisms can be responsible for the HAC in the as-received low-strength 09G2S steel.
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