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On the Plastic Flow Localization of Martensitic Stainless
Steel Saturated with Hydrogen
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Abstract. The deformation behavior of tensile tested corrosion resistant high-chromium steel electrically saturated with
hydrogen has been investigated. The studies were performed for high-temperature tempered steel with sorbitic structure
and after electrolytic hydrogenation for 6 and 12 hours. It was found that hydrogen has markedly reduced the breaking
stress and elongation leading to the fracture of the specimen. Using the method of double-exposed speckle photography,
it was found that the plastic flow of the material had localized character. The evolution of localized-strain center
distributions follows the law of plastic flow. The autowave parameters (autowave velocity and autowave length) were
measured for every state of high-chromium steel under investigation and the difference between them is of great
significance.

INTRODUCTION

Over the recent years, we have found experimentally for a range of metals and alloys that plastic deformation at
all its stages is prone to localization. The observed localization patterns have wave-like character; the kind of wave
depends on the acting law of work hardening, that is, the form of function 6(¢) [1, 2]. There are only four of them:
single deformation fronts move at the easy glide stage for single crystals and in a yield plateau for polycrystals; a
system of equidistant mobile localized-strain centers in the linear hardening stage; spatial periodic structure of
plastic strain localization regions at the Taylor parabolic work hardening stage; and the last one is the structure of
nonuniform mobile strain localization regions peculiar to the final (prefracture) deformation stage. The objective of
this work is to study the interstitial hydrogen atoms impact on the wave parameters for predicting the deformation
behavior of engineering materials operating in corrosive media such as water vapor, aquatic and acid environments.
For instance, chemical reactors or oil and gas equipment made of high-chromium stainless steel operate in the
presence of severe atmosphere of hydrogen. The presence of hydrogen (H) in solid solutions in metals and alloys
relates mainly to the small diameter of this element and its capacity to diffuse with certain ease in solid state.
Different factors contribute to elevated or diminished solubilization and/or diffusion of hydrogen in steels. The main
ones are temperature, alloy composition, crystalline structure and substructure. Nevertheless, the presence of
hydrogen in metals—and specifically in steels—is not desired in most cases, since H alters considerably the
mechanical and metallurgical properties of these materials potentially leading to a fracture [3-7].
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FIGURE 1. Microstructure images of high-chromium steel in tempered state: (a) optical microscopy,
(b) scanning microscopy, (¢) atomic-force microscopy; 6.0 x 6.0 um section

Such surveys of the localized-strain pattern features for the high-chromium stainless steels widely used in water-
vapor, aquatic and acid environments give more information about the behavior of a material comprising a critical
structure. The main aim of this investigation was to elucidate the effect of dissolved hydrogen on the macroscopic
plastic flow localization patterns in tensile-strained stainless steel polycrystals.

EXPERIMENTAL PART

The investigation was performed for the test samples of high-chromium stainless steel (0.4% C—0.6% Si—
0.55%Mn—12.5% Cr). The test samples having dog-bone shape with gage section of 50x10x2 mm were cut out
from sheet steel along the rolling direction. After annealing at 7= 1320 K for 3 hours with fast air-cooling, this steel
has good corrosion resistance due to homogenization via dissolution of intergranular carbides. For the structural
metal this steel should be tempered at 7= 873 K for 3 hours and furnace cooling to increase the plasticity [8, 9].
Determination of steel structural components was performed with a wide set of modern equipment matching the
level of advanced technologies in materials science: optical microscope (Neophot-21), scanning microscope (Hitachi
TM-1000), atomic force microscope (Solver PH47-PRO, ‘“Nanotechnology-MDT”, Zelenograd, Russia) with
different types of cantilevers that allow observing various structural features on the studied surfaces. With such heat
treatment the ferrite-carbide mixture with small amount of Me,;C¢-carbides is formed (Fig. 1). Carbide particles are
of round or slightly elongated shape, and their size does not exceed 1 um.

The specimens thus prepared were subjected to electrolytic hydrogenation during 6 and 12 hours under a
controlled cathode potential. The sample was placed in a three-electrode electrochemical cell containing 0.1 N
sulfuric acid solution heated to the temperature of 323 K. To enhance the process, 20 mg/l of thiocarbonic acid
diamide was added [10, 11]. The electrochemical cell was equipped with a graphite anode; a chorine silver reference
electrode was connected to the circuit to maintain the constant potential U =—-600 mV, controlled by Potentiostat
IPC-Compact unit.

The uniaxial tension tests were carried out at the rate of 0.2 mm/min at room temperature on LFM-125 universal
testing machine. Displacement vector fields of points on the surface of the specimens were recorded simultaneously
using double-exposure speckle photography. Decoding procedure of double-speckle images was carried out using
ALMEC, a special-purpose equipment developed by ISPMS SB RAS [2, 12]. Thus, all the components of the plastic
distortion vector such as local elongation, reduction, shear and rotation could be calculated. Analysis of the
deformation localization of the stainless steel was carried out based on the spatial-periodical distribution of local
elongation €.

RESULTS AND DISCUSSION

The stress-strain curves obtained for the tempered material and after its hydrogenation in the electrolytic cell
were studied [13]. The linear-hardening flow stage was singled out for every deformation diagrams based on the
work hardening coefficient 0 distribution, as far as within the linear stage 0 =do/de =const (Table 1). Hydrogen
saturation of tempered steel test samples for 6 and 12 hours resulted in remarkable changes of mechanical properties
such as tensile strength and elongation up to the fracture of the specimen, but still every deformation diagram
contains a linear work hardening stage.
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TABLE 1. Mechanical characteristics of high-chromium stainless steel

Linear hardening stage

o, MPa 0, %

Eini Efin
Tempered steel 1251 15.3 0.035 0.050
Hydrogenated within 6h 953 12.3 0.034 0.042
Hydrogenated within 12h 922 9.8 0.025 0.037

Using double-exposure speckle photography, the spatial distribution of local elongation of the specimen g,
observed in the linear hardening stage could be obtained for the tempered state and after electrolytic hydrogenation
for 6 and 12 hours, respectively. The sequence of coordinates for each of the localized plastic deformation domains
at this stage was approximated by nearly parallel straight lines, see Figs. 2b and 2d, where the slope of the curves
enabled the estimation of the velocity of the domains V,, =dX/dz. The autowave length A was found from the

curve spacing measured along the axis X.

Thus, obviously from Fig. 2b and 2d, that the localized-strain patterns in the linear hardening stage where
0(¢) = const, are the system of equidistant mobile localized-strain centers with characteristics inherent to a wave
process. The autowave velocity and length for the studied states are given in Table 2 to show satisfactory agreement
with the universal inversely proportional relation between the macrolocalized plastic-strain autowave velocity and
the work-hardening coefficient normalized by the shear modulus of the material [2, 10]. The shape of this
dependence (V,, ~1/0) is quite different from the well-known Kolsky waves of plasticity described by the

dependence V, ~+/0/p (here p is density). The distinction between the two dependences above allows concluding

that we have discovered a new type of wave processes: self-excited waves of plastic flow. The waves of the new
type will be generated in the deforming specimen irrespectively of electrolytic hydrogenation [2, 10-13].
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FIGURE 2. (a) Local elongation component &,, distribution along axis of tension and (b) X—¢ diagram of localized plastic
deformation domains migration for the tempered steel; (c, d) are the same for the hydrogenated steel during 12 hours
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TABLE 2. The characteristics of localized-strain autowaves

Ve x10%, m/s  Ax10°, m

Tempered steel 52409 6.8+1.5
Hydrogenated within 6 h 4.5+£0.7 4.4+0.6
Hydrogenated within 12 h 4.0+0.7 4.6+0.5

Using standard statistical processing such as the Student’s t-criteria [14], it was determined that for the
confidence level o = 0.95, the resulting quantity |f|>¢, , is true for the value of the autowave length. This fact

suggests that the average A-values obtained for the tempered and hydrogenated alloys differ significantly.

CONCLUSIONS

The deformation behavior of high-chromium stainless steel subjected to high-temperature tempering and
saturated with hydrogen in the three-electrode electrochemical cell under controlled constant cathode potential for 6
and 12 hours was investigated. Hydrogen saturation for 6 hours results in remarkable changes of ultimate stress and
total elongation of the material under study. The stress-strain curves of the examined states of stainless steel are
characterized by linear work-hardening stage with a constant values of 6. The phase autowave of plasticity occur
during the linear stage limits for the tempered steel as well as for the steel after hydrogen saturation.

Comparison of the data for the two conditions (tempered condition and after hydrogenation) of steel showed that
the change in the microstructure of hydrogen-saturated tempered steel also affects the plastic strain localization
patterns. Hydrogen significantly enhances the localization and changes the quantitative parameters of the
macroscopic plastic strain localization: the wave length of autowave plastic strain localization. The mechanism of
hydrogen-stimulated plastic strain localization is still under discussion.
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