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I want to divide my presentation into 3 parts:
The first is research motivation; 
The second is what methods and materials were used;
The third is results, which include Microstructure characterization, Mechanical properties and Fractographic analysis. 




• Hydrogen embrittlement(HE), also known as hydrogen assisted cracking (HAC) and hydrogen-induced

cracking (HIC) was discovered by Johnson in 1875.
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Hydrogen-Induced Cracks (HIC)*

**https://seblog.strongtie.com/2015/10/hydrogen-embrittlement-in-high-strength-steels

*Iannuzzi, M., Barnoush, A., & Johnsen, R. (2017, April 28). Materials and Corrosion Trends in Offshore and Subsea Oil and Gas Production. https://doi.org/10.1038/s41529-017-0003

Diffusible hydrogen is harmful to the plasticity of steels

The harmful influence of diffusible hydrogen can be mitigated:

by preventing its entry into steel by rendering it immobile once it 

penetrates the materialor 

Motivation
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Hydrogen embrittlement (HE) describes the embrittling of a metal after being exposed to hydrogen. The essential facts about the nature of the hydrogen embrittlement have been known for 140 years. It is diffusible hydrogen that is harmful to the plasticity and toughness of steels. It follows, therefore, that the harmful influence of diffusible hydrogen can be mitigated by preventing its entry into steel or by rendering it immobile once it penetrates the material.



Sites and traps for hydrogen

*Lynch S. Hydrogen embrittlement phenomena and mechanisms // Corrosion reviews. – 2003 – Vol.30. – P.105–123.

(а) - on an atomic scale                                        (b) – on a microscopic scale*

Shematic illustrations of sites and traps for hydrogen in materials
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Therefore, it is important to understand how hydrogen behaves inside the steel, and how it is trapped. It is knows that solute hydrogen occupies and diffuses between interstitial lattice sites in metals, and can be trapped to various degrees at other sites. These other sites, listed generally in order of trapping strength, include: (i) some solute atoms, (ii) free surfaces and sites between the first few atomic layers beneath surfaces, (iii) mono-vacancies and vacancy clusters (which are present in concentrations well in excess of thermal-equilibrium values because hydrogen reduces the vacancy-formation energy), (iv) dislocation cores and strain fi elds, (v) grain boundaries (including prior-austenite grain boundaries in martensitic steels), (vi) precipitate/matrix interfaces and strain fields around precipitates, (vii) inclusion/ matrix interfaces, and (viii) voids.




High nitrogen austenitic steels (HNS):

• high strength

• corrosion resistance

• wear resistance

ferrite 

High hydrogen diffusivity Low hydrogen diffusivity 

Low hydrogen solubility High hydrogen solubility

austenite

path to transport hydrogen sink, trapping hydrogen 
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	Among steels austenitic steels are most resistant to hydrogen embrittlement. Austenitic high-nitrogen steel has a higher yield strength, tensile strength, and corrosion resistance compared to conventional austenitic stainless steels. 
	It’s known that ferrite has a high hydrogen diffusivity and a low hydrogen solubility; conversely, austenite possesses low hydrogen diffusivity and high hydrogen solubility. So, ferrite is likely to act as a path to transport hydrogen whilst austenite is a sink, trapping it. Thus, it is interesting to study how the volume fraction of ferrite and the density of intergranular and interphase boundaries affect the resistance to hydrogen embrittlement.




THE AIM OF THE RESEARCH

to establish the effect of volume fraction of δ-ferrite and the density of

interphase (austenite/δ-ferrite) and grain (austenite/austenite) boundaries on

the mechanical properties and fracture mechanisms of a high-nitrogen

austenitic steel before and after hydrogen-charging
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Materials and methods

• High-nitrogen austenitic steels steel was chosen as an object of the investigation: 

Fe-23Cr-17Mn-0.1C-0.6N steel (wt.%) (HNS).

Solid-solution 
treatments (SST):

• Tsst=1050 °C, 0,5 h

• Tsst=1100 °C, 0,5 h

• Tsst=1150 °C, 0,5 h

• Tsst=1200 °C, 0,5 h

+H

Electrochemical 
hydrogen-

charging for 
100 h

Methods:

• X-ray diffraction (XRD) phase and structural analyses 

• Light microscopy (LM) 

• Transmission electron microscopy (TEM) 

• Tensile tests

• Scanning electron microscope (SEM)
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	Solid-solution treatments (SST) at different temperatures Tsst=1050 °C, 1100 °C, 1150 °C and 1200°C for 0.5 h allowed to obtain various contents of the δ-ferrite and grain sizes in HNS.  
	Electrochemical hydrogen-charging of tensile specimens was conducted for 100 h in 3% NaCl water-solution containing 3 g l-1 of NH4SCN as recombination poison, at room temperature and a current density of 100 mA/cm2. 
	Immediately after hydrogen-charging, the tensile tests were conducted at room temperature and a strain rate of 5×10-4 s-1 using electromechanical machine LFM-125. 
	The X-ray diffraction (XRD) phase and structural analyses were done using DRON 7 diffractometers with Cu-Kα radiations. 
	The microstructure of the lateral surfaces and the appearance of fracture of the hydrogen-free and hydrogen-charged specimens were studied using a VEGA3 TESCAN scanning electron microscope (SEM). 
	The Altami MET 1C light microscope (LM) and a Technai G2 FEI transmission electron microscope (TEM) were used to evaluate the mean grain size of austenite, volume fraction of the phases and size of precipitatesAn elemental composition of the precipitates was evaluated using INCA energy dispersive X-ray spectrometer (EDS).





HNS microstructure after different regimes of solid-solution treatment 

XRD patterns of HNS 

solution-treated in 

different regimes

SEM image of a surface of solid-solution treated (1150°C, 0.5 h) 

specimen combined with results of Energy-Dispersive X-Ray 

Spectroscopy

Austenite (γ-phase) with a lattice parameter a=3,63 Å, 

18-23% δ-feritte with the lattice parameter 2,88 Å.

8

panch
Записка
	Regardless of the temperature of SS-treatment, the XRD-patterns contain the lines with interplanar distances corresponding to austenite and δ-ferrite. The lattice parameters determined by the positions of the X-ray peaks coincide at all TSST: aγ = 3.63 Å and aδ = 2.88 Å for austenite and δ-ferrite, respectively. A slight increase in the intensity of δ-ferrite peaks with an increase in the temperature of SS-treatment is observed. 
	SEM image of the surface of SS-treated specimen is presented on Figure b. According to the data of Energy-dispersive analysis we determined the compositions of austenite and δ-ferrite grains by the main alloying elements. The distribution of chromium and manganese elements between austenite and δ-ferrite occurs in accordance with the equilibrium diagram.



1050°C, 0.5 h

1200°C, 0.5 h

1100°C, 0.5 h

1150°C, 0.5 h

EBSD phase maps and  light microscopy images of HNS after different regimes of
solid-solution treatment

Tsst

Average 

grain size 

γ-ferrite, μm

Average 

grain size 

δ-ferrite, μm

Volume 

fraction 

δ-ferrite, %

1050°С, 

0.5 h
9.7±5.2 4.9±2.8 18.3

1100°С, 

0.5 h
11.7±6.6 6.1±2.5 19.5

1150°С, 

0.5 h
16.3±7.9 7.4±4.5 21.3

1200°С, 

0.5 h
25.7±13.3 9.5±5.2 23.4
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	EBSD phase maps and LM images of the etched samples after SS-treatment at different temperatures are shown on the slide. 	The LM images of the etched δ-ferrite grains are in complete agreement with the data of phase maps obtained by the EBSD method. With increasing TSST, an increase in the size of the δ-ferritic and austenitic grains occurs.
	The table shows the average austenitic and δ-ferritic grain size and the volume fraction of δ-ferrite. The tendency for a small increase in the volume fraction of δ-ferrite with the increase in TSST is observed. But the average grain size of austenite and δ-ferrite increases significantly, consequently, the density of the austenite/ferrite and austenite/austenite boundaries decreases. 
	Therefore, due to the variations in the TSST, four states were obtained with different volume fractions of δ-ferrite, grain size of austenite and δ-ferrite, and density distribution of austenite/ferrite and austenite/austenite boundaries in high-nitrogen steel.
	Now we’ll consider how hydrogen-charging affects the steel after different regimes of solid-solution treatment. let's move on to the study of mechanical properties.





Hydrogen embrittlement index:

IH = [(δ0 - δH) / δ0] × 100%, 

δ0 and δH - total elongation

before failure of hydrogen-free

and hydrogen-charged

specimens, respectively.

The dependence of mechanical properties of HNS on hydrogen-charging
after different regimes of solid-solution treatment

Tsst IH

1050°С, 0.5 h 10 %

1100°С, 0.5 h 15 %

1150°С, 0.5 h 23 %

1200°С, 0.5 h 32 %
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	Before hydrogen-charging the maximum yield strength is observed at TSST=1050°C, and with an increase in the TSST, a smooth decrease in the yield strength occurs. The elongation until the failure of the specimens varies slightly. 
	Hydrogen charging leads to a change in strain-stress curves. The yield strength is higher in hydrogen charged SS-treated specimens at all TSST. The susceptibility to hydrogen embrittlement in SS-treated steels at different temperatures varies. The SS-treated steel with the finer grain and maximum density of boundaries (1050 °C, 0.5 h) had the smallest loss of ductility after hydrogen charging. More hydrogen atoms are trapped by grain boundaries and relatively less absorbed in the body of both ferritic and austenitic grains in the specimens with a fine grain size compared to the specimens with a coarse grain size under identical conditions of hydrogen-charging. The hydrogen embrittlement index (IH), which characterizes the hydrogen-induced loss of elongation is 10 % for SS-treated (1050 °C, 0.5 h) steel and rises with the increase of TSST to 32% for SS-treated (1200 °C, 0.5 h). 
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SEM micrographs of fracture surfaces in hydrogen-charged specimens of HNS after 
different regimes of solid-solution treatment

1050°C, 0.5 h 1100°C, 0.5 h

1200°C, 0.5 h1150°C, 0.5 h

22±5 μm

45±5 μm
33±3 μm

29±3 μm
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	Let's consider fracture mechanisms of hydrogen-charged specimens. 
	Hydrogen charging leads to the formation of a brittle hydrogen-assisted surface layer . The depth of the layer and the micromechanisms of its fracture change when TSST varies. The smallest layer depth is observed in SS-treated (1050°C, 0.5 h) specimens and the largest depth in SS-treated (1200°C, 0.5 h) specimens. This observation correlates with the tensile test data. Therefore, due to the high density of the austenite/ferrite and austenite/austenite boundaries that act as suitable trapping sites, the diffusion of hydrogen atoms into the specimen reduces and the resistance to hydrogen embrittlement increases. 
	The central part of the specimens fractures similar to hydrogen-free specimens, has ductile transgranular fracture micromechanism. The hydrogen-assisted surface layers are brittle in all specimens after all regimes of the SS-treatment, but their own features of fracture depending on the TSST are observed. The size of brittle facets increases with the increase of TSST. The elements of transgranular and intergranular fracture are observed in SS-treated at all TSST specimens. However, the hydrogen-assisted layer of SS-treated (1200°C, 0.5 h) specimens fractured mainly by a quasi-cleavage micromechanism. The fracture surface of the samples (1050 ° C, 0.5 h), mainly shows the elements of intergranular fracture.




SUMMARY

• The decrease of the grain size of δ-ferrite and austenite and the volume fraction of

δ-ferrite in HNS contributes to the decrease of the diffusion of hydrogen atoms

deeply into the samples and causes the decrease of the effects of hydrogen

embrittlement.

• The decrease of the density of interphase and grain boundaries in HNS specimens

leads to the change in the fracture mechanism of the hydrogen-assisted layer – it

promotes the contribution of intergranular fracture.
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