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MECHANICAL PROPERTIES OF MARTENSITIC STEELS IN GASEOUS HYDROGEN

O. L. Balyts’kyi,' L. M. Ivas’kevych, UDC 620.197:669.788
and V. M. Mochul’s’kyi

We present the regularities of hydrogen degradation of 03KhI2NIOMT, 15Khi12N2MFAV and
13Kh1IN2V2MF steels under a pressure of 30 MPa within the temperature range of 293—673 K.
The minimum values for plasticity, low-cycle fatigue, and static crack resistance, which do not
decrease with an increase in pressure of hydrogen atmosphere and content of the absorbed hydrogen,
are found. The difference between temperature dependences of the coefficients of influence of
hydrogen on static and cyclic crack resistance of martensitic steels with various content of austenite
is established. The main fractographic features of the influence of hydrogen on the micromechanism
of fracture of steels under different types of loading and temperatures are determined.

Keywords: martensitic steel, hydrogen degradation, low-cycle fatigue, static and cyclic crack resistance, character of
fracture.

Introduction. Trouble-free operation of power plants, which is characterized by high level of pressure and
temperature of gaseous hydrogen in units and systems with exacting requirements for specific weight coefficients, is
determined by correct selection of the structural materials. Therefore, the problem of hydrogen embrittlement in
structural materials is critical for modern power engineering [1, 2]. At present, there is a lack of reliable procedures
for evaluating the influence of the hydrogen-containing media on the material state under elevated pressure and
temperatures as well as the only test method, which makes it possible to obtain enough information for designing and
calculating the lifetime of structural elements [3—5]. There is a need to carry on additional investigations on the
influence of hydrogen on the material properties. Moreover, it is very important to assess the role of such underlying
factors as test temperature, structure and chemical composition of materials, type and rate of loading, working
medium pressure and content of the preabsorbed hydrogen. The serviceability assessment of the material under
particular operating conditions is required to be performed on the basis of complex experimental investigations
involving determination of not only standard mechanical characteristics of strength, plasticity of materials and
low-cycle fatigue, but also crack resistance. The use of crack resistance characteristics — stress intensity factors (SIF)
K. (K.) under static loading and threshold AK,, and critical K, values under cyclic loading — to estimate
serviceability under particular operating conditions for gaseous hydrogen under elevated pressures and temperatures,
is of crucial importance for developing structural materials with high hydrogen resistance and determining the
lifetime of structural elements [1, 5-7].

This paper will review the research conducted on the integral assessment of the influence of high-pressure
and high-temperature gaseous hydrogen on strength, durability, crack resistance and microstructural features of
fracture for corrosion-resistant martensitic steels.

Materials and Procedure of Investigations. The authors tested 03Kh12N10MT (EP810), 15Kh12N2MFAV
(EP517) and 13Kh11N2V2MF (EI961) martensitic steels. These types of steel are used in the acrospace and power
machine building [3, 4, 7]. Their chemical composition, modes of thermal treatment, and mechanical properties in air
at room temperature are presented in Tables 1 and 2. The martensitic steels differ mainly by the contents of carbon
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TABLE 1. Chemical Composition of Steels (%)

Steel C Si Cr Ni Mo \W% A% Mn Others
15Kh12N2MFAV | 0.15 0.50 12.20 1.9 1.52 0.72 0.18 0.50 N=0.02

13Kh1IN2V2MF | 0.13 0.60 11.50 1.6 0.45 1.93 0.24 0.63 -
03KhI12N10MT 0.03 0.13 11.78 9.5 - 0.58 - 0.04 Ti=0.22,
Al=0.11

TABLE 2. Modes of Thermal Treatment and Mechanical Properties of Steels in Helium (above the line)
and in Hydrogen under Pressure of 30 MPa (below the line) at Room Temperature

Material Hardening Tempering Gy Goa» 9, W, N, K.,
MPa MPa % % cycles | MPay/m

15Kh12N2MFAV 1393 K, 953K, 2 h 1080 940 16 62 1029 154

1 h, olive 1060 950 3 12 73 49

13Kh11N2V2MF 1283 K, 953K, 2 h 1010 880 17 59 1453 165

1 h, olive 1000 870 6 14 86 77

03Kh12N10MT 1273 K, 1 h; 773K, 2 h 1090 940 17 79 2100 168

TT-1 1023 K, 2 h, olive 1090 940 14 51 378 112

03Kh12N10MT 1373 K, 1 h; 773K, 2 h 1080 940 20 70 2180 155

TT-2 1023 K, 2 h, olive 1020 900 9 20 262 74

and nickel (Table 1). The structure of the steels consists of tempered martensite, a small amount of residual austenite
(up to 10%), alloyed carbides Me»;C6, (W, Nb, Ni)C and small amount of intermetallic compounds. Martensite in
carbon steels manifests itself as a mixture of lath (packet) and plate (needled) martensite. The content of the lath
martensite in 15Kh12N2MFAV and 13Kh11N2V2MF steels is 75-85 and 60-70%, respectively, length of the laths
in a packet is 20-28 and 10-23 um, their width is 2-8 and 1-3 um, i.e., the structure of 13Kh11N2V2MF steel is
more dispersed than 15Kh12N2MFAYV steel (Fig. la and b). Martensite of the nickel-alloyed carbon-free steel
03Kh12N10MT is a packet (lath) martensite with the austenitic grain size of 50-80 pum, width of the packets of
30-70 um and width of the laths in a packet of 3—10 um (Fig. 1). The high nickel content in 03Kh12N10MT steel
enhances its plasticity and toughness, and reduces the stress concentration sensitivity [8]. The optimal thermal
treatment (TT1) of this steel ensures a high dispersion of phases and about 10% of residual and secondary austenite
in the form of thin layers (<1 um) between the plates of martensite (Fig. 1c). A coarser structure with austenite
content of up to 30% is formed as a result of the additional heating of this steel to 1373 K (TT2), moreover,
secondary austenite distributes nonuniformly with the formation of “islets.” It is know that the presence of a soft
structural component of finely divided residual austenite in the structure of stainless low-carbon martensitic steel
facilitates enhancement of strength, plasticity, impact toughness and crack resistance with its optimum content from
10 to 25% [8].

The five-fold cylindrical specimens with a diameter of the working part of 5 mm were subjected to
short-term static tension in a special chamber under the pressure of hydrogen of up to 30 MPa for strain rates equal to
0.1 mm/min. The low-cycle fatigue for pure strain-controlled sigh-preserving bending was found under pressures of
up to 30 MPa for the strain amplitude equal to 1.6% and a loading frequency 0.5 Hz on polished plane specimens
with a working part of 3 x 6 x 20 mm. The stress intensity factor under static loading K, was calculated complying
with the standard [9]. In a high-pressure chamber rectangular compact specimens of 50 x 60 x 20 mm in size were
tested for eccentric tension under pressures of 0.4-30 MPa at a strain rate of 0.1 mm/min. The values were calculated
using the Srawley—Gross formula [10]. Kinetic fatigue fracture diagrams (KFFD) were plotted using three-point
bending of beam specimens with an edge crack 160 x 40 x20 mm in size at the loading frequency of 20 Hz and
coefficient of cycle asymmetry R =0.22 by the procedure described in [2].

To determine the indicated mechanical characteristics in hydrogen, the working chambers were preliminary
evacuated, blown-out with hydrogen, again evacuated, and filled with hydrogen up to a given pressure. At high
temperatures, the specimens were held under testing conditions for 0.5 h to the attainment of thermal equilibrium. In
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order to compare the action of the so-called external and internal hydrogen [2—4, 6], and study the influence of
hydrogen dissolved as a result of long-term operation of hydrogen structures on the properties of steel, a part of
specimens were preliminary held in the hydrogen atmosphere for 10 h under the pressure of 30 MPa and temperature

of 623 K to the hydrogen concentration of about 3.2- 1075, The hydrogenated and nonhydrogenated specimens were

tested under various pressures in hydrogen, vacuum, helium, or air. The sensitivity of steels to hydrogen degradation
was compared by using the coefficient B defined as the ratio of values of the corresponding characteristics measured
in hydrogen and in a neutral medium (e.g., the coefficient of influence of hydrogen on the low-cycle fatigue
By =Nu/Npe).

Hydrogen Pressure and Test Temperature Dependencies of Mechanical Properties of Steels. The
dependencies of the influence of hydrogen pressure on the fracture toughness, low-cycle fatigue and plasticity
characteristics of martensitic steels are quantitatively similar (Fig. 2). The values for crack resistance parameter K,
number of cycles to failure N, relative elongation J, and transverse narrowing \ for specimens made of martensitic
steels are greatly reduced to a minimum with an increase in the pressure of external hydrogen up to 10 MPa and are
slightly changed with its subsequent increase up to 30 MPa (Fig. 2). The additional influence of the preabsorbed
hydrogen on the abovementioned properties of martensitic steels at the temperature of 293 K was determined only at
the pressure of Py <10 MPa. Thus, the maximum hydrogen degradation of martensitic steels in the course of static
crack resistance, short-term static tension and low-cycle fatigue testing is attained by the pressure of hydrogen
atmosphere of 7.5-10 MPa independent on the dissolved hydrogen content. Therefore, temperature dependencies of
fracture toughness of the steels were studied on the nonhydrogenated specimens in helium and hydrogen under the
pressure of 10 MPa.

If in neutral media the values for plastic characteristics and parameter K. of the steels are quite similar
(Table 2, Fig. 2), then with the maximum hydrogen degradation they are significantly different. So, relative
elongation of the specimens & in hydrogen is 3 (steel I15SKh12N2MFAV) and 14% [steel 03Kh12N10MT (TT1)]. In
hydrogen under the pressure of 30 MPa, 03Kh12NI10OMT steel (TT1) with packet martensite and homogeneous
distribution of the small amount (up to 10%) of finely divided austenite (Fig. 1c) exhibits the highest fracture
toughness value (112 MPa\/a), 15Kh12N2MFAV steel with plate martensite has the lowest fracture toughness value
(49 MPa\/E) (Table 2, Fig. 2). 03X12N10MT steel (TT2) with elevated content of (30%) islandlike austenite and
13Kh11IN2V2MF steel with the values K,

in-between position. Thus, finer structure of the carbon martensite in 13Kh11N2V2MF steel ensures its higher
resistance to hydrogen degradation compared to 15Kh12N2MFAYV steel, while optimization of the content, size and
distribution character of residual austenite improves hydrogen resistance of the carbon-free nickel martensite in
03Kh12N10MT steel.

Temperature has the greatest influence on the material properties during plastic strain accumulation, crack
initiation and its growth. Since the temperature dependencies of strength, plasticity, and low-cycle fatigue

in hydrogen 74 and 77 MPa\/B, respectively, are found to take an
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Fig. 2. Dependence of characteristics of plasticity 6 and wy, number cycles to fracture N, and fracture
toughness K, on the hydrogen pressure P: (/) nonhydrogenated specimens; (2) preliminary hydrogenated
specimens (623 K, 30 MPa H,, 10 h).

characteristics of the investigated steels in gaseous hydrogen have been already analyzed [11], let us consider
temperature and hydrogen influence on the parameters of static K. (Kj.) and cyclic AK, and K, crack
resistance. Fracture toughness of all steels in helium decreases with an increase in the temperature (Fig. 3), which is
typical of brittle materials [12, 13]. In hydrogen media, an increase in the temperature leads to attenuation of the
action of hydrogen, i.e., the increase of the K, parameter value. At the temperature of 673 K static crack resistance
values in hydrogen and helium are identical, the maximum influence of hydrogen on K, was revealed at the
temperature of 293 K (Fig. 3). The 15Kh12N2MFAYV steel, which is additionally alloyed by nitrogen, niobium and
molybdenum, with less dispersed carbon martensite and more heat-resistant structure at the temperature of 673 K
shows better resistance to fracture during static crack resistance testing compared to 13Kh11N2V2MF steel. The
03Kh12N10MT steel (TT1) has the highest fracture toughness value within the whole investigated temperature
range.

In helium, the steels are characterized by fairly high plasticity in the entire analyzed temperature range
(Table 2), therefore, the thickness of the specimens is insufficient to achieve the plane-strain condition. The fracture
diagrams are curvilinear (of type III) according to [9] and the fracture surface is ductile-brittle with typical lateral
bindings. The work on the propagation of fracture toughness involves plastic strain and retarded crack propagation.
Gaseous hydrogen decreases the crack resistance coefficient and affects the fracture behavior. Under conditions of
maximum hydrogen embrittlement, the load—displacement diagrams become linear with sharp maximum (as function
of the load) and correspond to type I [9], the fracture surfaces of the specimens are covered with cleavage facets and
with a small amount of intergranular cracks typical of brittle fracture. Moreover, the values K. attain critical value
K., i.e., stress field at the edge of the crack approximates plane-strain conditions. Such conditions are satisfied at
temperatures of 293-423 K for 03Kh12N10MT (TT2) and 15Kh12N2MFAV steels at pressures of hydrogen of more
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Fig. 3. Temperature dependences of the fracture toughness K, for steels 13Kh11N2V2MF (/, 2),
15Kh12N2MFAYV (3, 4) and 03Kh12N10OMT (TT1 — 5, 6; TT2 — 7, 8) in helium (/, 3, 5, 7) and
hydrogen under the pressure of 10 MPa (2, 4, 6, 8).
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Fig. 4. Temperature influence on the cyclic resistance parameters (/, 2) and (3, 4) in helium (/, 3)
and in hydrogen under the pressure of 30 MPa after preliminary hydrogenation (623 K, 30 MPa Ha,
10 h) (2, 4) of 13Kh1IN2V2MF (a) and 15Kh12N2MFAV (b) steels and degree of hydrogen
degradation of 15Kh12N2MFAV steel under different types of loading (c).
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than 10 MPa. The obtained static crack resistance parameters represent the invariant characteristics of the materials
and they can be used for calculating the residual strength of structural elements in hydrogen using fracture mechanics
approaches [1, 12—-14].

Under the action of fatigue loading on the beam specimens in helium and hydrogen, the threshold coefficient
AK,, increases as temperature grows from 293 to 673 K (Fig. 4, curves / and 2), and the critical stress intensity
factor K ;. decreases (curves 3 and 4). The percentage reduction of the parameters of cyclic crack resistance in
hydrogen at temperature of 293 K is 51 and 31% (13Kh1IN2V2MF steel), respectively, and 43 and 46%
(15Kh12N2MFAV steel) in helium (Fig. 4). At room temperature, the most sensitive to the action of hydrogen is
low-cycle fatigue (Fig. 4). The degree and temperature range of the decrease in the fracture toughness K, and
relative transverse narrowing \y are similar. At the temperature of 293 K hydrogen has the weakest influence on
cyclic crack resistance, however with a decrease in the value AK,, and K it remains constant in the entire
analyzed temperature range, whereas the degree of hydrogen degradation decreases in the course of the other testing
with an increase in the temperature. Thus, at the value of T > 600 K the most sensitive to hydrogen degradation at
the temperature of 293 K are exactly the parameters of cyclic crack resistance AK, and K fe of the martensitic
steels (Fig. 4).
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Fig. 5. Microfractographs of fracture of specimens made of 15Kh12N2MFAYV steel at the temperature of 293 K
in air (a, c, ) and in hydrogen, 10 MPa (b, d, f): (a, b) induced cracks under static loading; (c, d) upper region
of the KFFD; (e) is the center of the KFFD; (f) is the edge of the specimen under short-term tension.

Influence of Hydrogen on Character of Fracture of Steels. Differences in the chemical composition and
structure of the studied martensitic steels do not influence the specific features of their fracture in helium and
hydrogen. In neutral media, at the temperature of 293 K under static and cyclic loading fracture of the specimens is
ductile transgranular with dimples (Fig. Sa, c, and ¢). In the cone portion of the fracture under shearing stresses
dimples exhibit an elongated shape. In the presence of hydrogen the formation of smooth cleavage surfaces is
observed and significant amount of the surface is covered with multiple intergranular microcracks (Fig. 5f). Compact
type specimens with an initial fatigue crack are subjected to similar fracture. In helium, dimples and some separate
intergranular microcracks are detected in the zone of static fracture, whereas in hydrogen, facets of quasicleavage
and significant number of intergranular microcracks are found (Fig. 5a and b). During static crack resistance testing
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intensive cracking along the boundaries of martensite laths and islandlike austenite initiates at the edge of the crack
in the region of the transition from preliminary loading in air to static loading in hydrogen (Fig. 5b).

In helium, the formation of irregular fatigue striations and areas of quasicleavage were observed in the zone
of fatigue crack initiation for beam specimens of all steels, whereas in the upper region of the KFFD plastic striations
and separate regions with cellular topography and integranular fracture were observed (Fig. 5¢). The presence of
hydrogen in the zone of fatigue crack initiation increases the number of quasicleavage facets for both steels and in
the upper region of the KFFD it causes transition from the typical striated topography to fracture, which is
characteristic of quasistatic short-term tests. The brittle facets of translgranular and intergranular cleavage with traces
of plastic flow at the transition from one cleavage facet to another were detected (Fig. 5d). Carbide particles often
promote crack initiation and their cracking impairs cyclic crack resistance of the steel. Thus, the martensite/austenite
interface and boundaries of martensitic plates, where there are mainly carbides and intermetallic compounds, play a
dominant role in the hydrogen embrittlement of the steels with martensitic-austenitic structure. This is confirmed by
the local distribution of hydrogen in the structure of martensitic steels obtained in [15], its maximum concentration at
the phase boundaries with any phase composition and origin of the martensite. These boundaries are concurrently the
centers of local peak microstresses, the sites of localization of plastic deformation and microlocal sites of fracture in
hydrogen. Thereby, reduction of the susceptibility of steels to hydrogen degradation with an increase in the
temperature during static tension, crack resistance and low-cycle fatigue testing can be caused by relaxation of
interphase stresses and more homogencous distribution of hydrogen. The features of high-temperature hydrogen
degradation with cyclic crack resistance are associated with the interactions of hydrogen with moving dislocations,
which have been analyzed in [2].

Thus, hydrogen affects the micromechanism of fracture under short-term and fatigue loading of smooth
specimens and specimens with preliminarily induced fatigue cracks, the number of planes of smooth delamination
and regions of intergranular fracture is increased. The influence of hydrogen on the morphology of fracture under
static tension, crack resistance and low-cycle fatigue testing is revealed within the temperature range of 293-473 K
and under cyclic crack resistance testing over the temperature range of 293—673 K.

CONCLUSIONS

1. At room temperature the maximum influence of hydrogen on the characteristics of plasticity, low-cycle
fatigue, and crack resistance of martensitic steels was obtained at the pressure of hydrogen environment of 10 MPa,
additional influence of the preabsorbed hydrogen was insignificant.

2. The reduction of the amount of residual austenite and increase in the dispersity of the structure lead to an
increase in hydrogen resistance of martensitic steels under static loading. In hydrogen, the low-carbon nickel
03Kh12N10MT steel (TT1) with packet martensite and homogeneous distribution of a small amount (up to 10%) of
finely divided austenite exhibits the highest plasticity and fracture toughness characteristics at the pressure of 30 MPa.
The structure of the carbon martensite in 13Kh11N2V2M steel with smaller martensite needles provided higher
resistance to hydrogen degradation compared to 15Kh12N2MFAYV steel.

3. The maximum influence of hydrogen on the static crack resistance was revealed at the temperature of
293 K when fracture toughness value K, of all steels decreases in hydrogen by 2-3 orders compared to helium.
With an increase in the temperature in helium it decrease and in hydrogen it increases, whereas at the temperature of
673 K in hydrogen and helium it is the same. The 15Kh12N2MFAV steel, which is additionally alloyed by nitrogen,
niobium and molybdenum, with less dispersed carbon martensite is more heat-resistant and at the temperature of
673 K shows better resistance to fracture during crack resistance testing compared to 13Kh11N2V2M steel.

4. At room temperature, the most sensitive to the action of hydrogen is low-cycle fatigue, which covers 5%
of the values in helium. The degree and temperature range of the decrease in the fracture toughness K, and relative
transverse narrowing y are similar. At the temperature of 293 K hydrogen has the weakest influence on cyclic crack
resistance, however with a decrease in the values AK, and K, it remains constant in the entire analyzed
temperature range, whereas the degree of hydrogen degradation decreases in the course of the other testing with an
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increase in the temperature. Thus, at the value of >600 K the most sensitive to hydrogen degradation at the
temperature of 293 K are exactly the parameters of cyclic crack resistance AK;, and K ;. of the martensitic steels.

5. Under static tension and crack resistance hydrogen facilitates transition from the transgranular fracture

with dimples to the cracking along the boundaries of martensite laths and grains. The main mechanism of fracture in
the upper region of KFFD in hydrogen is the translgranular and intergranular cleavage with traces of plastic flow at
the transition from one cleavage facet to another. The influence of hydrogen on the morphology of fracture under
static tension, crack resistance and low-cycle fatigue testing is revealed within the temperature range of 293-473 K
and under cyclic crack resistance testing over the temperature range of 293—673 K.
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