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Fracture pattern of stainless Cr-Mn-N steel with nanostructured surface

layers at cryogenic temperature
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Effect of deformation treatment of the surface of stainless austenitic Cr-Mn-N steel on its structure, mechanical

properties and fracture behavior at −196◦C has been studied. Structure refinement, decrease in the lattice parameter

of austenite and strain aging with the formation of CrN and Fe2N particles occurs during processing in the near-

surface layer. After processing, the steel has an increased yield strength and work hardening, but reduced ductility

and toughness compared to the quenched state. Dimple fracture of near-surface layers is facilitated by a decrease

in internal stresses associated with the release of nitrogen from interstitial positions and the formation of nitrides.
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Introduction

Nickel-free high-nitrogen austenitic steels at climatic

temperatures can be used as an alternative to Cr-Ni steels

because of their combination of their low cost with higher

strength, ductility and corrosion resistance [1,2]. They

can be utilized in building structures [3,4] and offshore

platforms [5] operating in the high latitudes of the Far

North, in the Arctic areas. The application of this class of

steels in systems used for the production, transportation and

storage of liquefied natural gas at cryogenic temperatures is

hindered by a pronounced visco-brittle transition observed

both under static tension and impact bending [6–14].
The efforts made to improve the fracture toughness

of high-nitrogen steels are mainly aimed at optimizing

the alloying system. In particular, additional alloying

with copper contributed to an increase of the toughness

of Cr-Mn-N steels [7], and both ductility and toughness

are improved with an increase of Mn content at low

temperatures [8]. The introduction of Ni and Cu stabilized

austenite and thereby lowered the temperature of the visco-

brittle transition [10]. C+N alloyed steels had a lower

visco-brittle transition temperature in comparison with steels

alloyed only with nitrogen owing to the increased metallic

nature of the interatomic bond [11]. The solution for

overcoming the brittle fracturing and increasing the impact

strength have not yet been developed despite the need

for nickel-free stainless steels for use not only at low

climatic temperatures, but also at cryogenic temperatures.

The contemporary views attribute the brittleness of high-

nitrogen steels at low and cryogenic temperatures to a

higher activation energy for dislocation glide [6], a decrease

of the stacking fault energy (SFE) and activation of

planar sliding along planes {111} with a high density of

dislocations [9,12], stabilization of austenite and the ab-

sence of martensitic γ → α′-transformations as an effective

mechanism for suppressing the nucleation and growth of

cracks [15], the hardening effect of nitrogen and high yield

strength [16].

The improvement of crack resistance and impact strength,

as well as the improvement of other physical and mechanical

properties of metals and alloys is facilitated by grinding

their structure to a nanoparticle size [17–20]. The grinding

of the structure by deformation of high-nitrogen steels

has a positive effect on the strength properties [21–25].
Phase transformations are observed [21,22], strain aging

takes place [23,24] due to local strain heating in the case

of surface strain hardening in near-surface layers. At

the same time the strain-induced dissolution of nitrides is

observed in case of shearing stain under pressure at room

temperature or at the liquid nitrogen temperature without

strain heating [26–28]. The structure formed in the process

of intense deformation largely depends on local thermal

fluctuations and the character of the stress condition. The

formation of ε-martensite with a HCP lattice with a smaller

crystal lattice volume than austenite is possible in the

regions of local compression [26], while the release of CrN

nitrides with a large volume of the crystal lattice is possible

in the regions of local extension [23].
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This study investigates the impact of structural changes in

high-nitrogen Cr-Mn-N steel in case of severe plastic strain

on the strain behavior and the nature of failure at −196◦C.

1. Material and research techniques

The studied steel was smelted in an induction furnace

with a chromium-magnesite lining. Armco-iron, low-carbon

ferrochrome, metallic manganese, and nitrided ferrochrome

were used as a charge. The molten metal was first poured

into a ladle from the furnace, then it was poured into 5

sand molds. The chemical composition of the investigated

Cr-Mn-N-steel is provided in the table.

Chemical composition of steel

Element Cr Mn Si Ni C N P S Fe

Weight, % 16.50 18.81 0.52 0.24 0.07 0.53 0.01 0.001 Bal.

The ingots were forged and cut into 10 mm thick, 20

mm wide and 100 mm long plates. The steel had a single-

phase large-crystal austenitic structure with a grain size of

30−50µm after tempering of the plates from 1100◦C in

water. One of the surfaces of the steel plates was sanded

and polished with diamond pastes. After that, hardening

strain treatment was carried out by forging with strikers

with ultrasonic frequency followed by ultrasonic forging.

The surface ultrasonic forging was performed at room

temperature in air with a forging tool using an ultrasonic

generator UZG 06/27 (output power 550W, generator

frequency 25 kHz, transducer amplitude 15µm). Three

asynchronously operating axially moving impactors (forging
tool parts) were applied to the treated surface with a load

of 70N. The impactors were loaded and moved in vertical

plane by a spring, which is part of the forging tool. The

treated surface moved with a speed of 20mm/s relative to

the forging tool.

Tensile test specimens with a working length of 15mm

and cross-sectional dimensions of 1× 2.5mm were cut from

the plate using an electric spark method, as shown in

Fig. 1, a. The second, untreated surface was sanded and

polished with diamond pastes.

Other samples were prepared for impact bending tests.

The surfaces of the hardened plate with a width of 20mm

and a length of 100mm were ground and polished, and then

they were treated by ultrasonic forging. 10mm thick, 5mm

wide and 55mm long standard Charpy V-notched samples

were cut from this plate using an electrospark discharge

machine (Fig. 1, b). The side faces of the prepared samples

were treated by ultrasonic forging.

Tensile testing of the samples was performed using

testing machine (Instron 5582, Norwood, MA, USA) at

a temperature of −196◦C with a deformation rate of

1.33 · 10−4 s−1. Samples after tempering were used for

comparison under the same conditions. The surfaces of the

hardened samples were ground and polished using diamond

pastes prior to tensile and impact bending tests. 3 samples

were tested in each case.

Testing was performed using Instron 450MPX testing

machine (Grove City, PA USA) with the impact velocity

of 5.3 m/s. The samples were pre-cooled in liquid nitrogen

to −196◦C. The time interval during which the samples

were moved from the thermostat with liquid nitrogen to

the testing machine and tested did not exceed 5 s. Samples

after tempering were used for comparison under the same

conditions. At least 3 samples were tested in each case.

Transmission electron microscope (TEM) (Hitachi HT-
7700, Japan) with an accelerating voltage of 120 kV was

used to study structure of the steel surface layer after

ultrasonic forging. The cross sections were made using a

system of focused ion beam FB-2100 (Hitachi, Japan).
X-ray diffractometry was used to study the steel crystal

structure with diffractometer XRD-7000 (Shimadzu, Japan)
in CuKα radiation at room temperature. The Williamson-

Hall [29] method was used to determine the main param-

eters of the crystal structure, such as the size of coherent

scattering regions (CSR), intragrain microdeformations 〈ε〉.
The fracture surfaces were studied using a scanning

electron microscope LEO EVO,50 (Zeiss, Germany).

2. Study results and their discussion

2.1. Structure study

The thickness of the deformed layer after ultrasonic

forging is of the order of 150−200µm according to

metallographic analysis [23]. No changes of the phase

composition were found by X-ray diffraction analysis of

this layer of austenitic steel in comparison with the post-

tempering condition (Fig. 2, a). A decrease of the austenite

lattice parameter is one of the treatment effects (Fig. 2, b).
Another effect is the dispersion of the structure to a

nanoparticle level with D = 18 nm CSR and 〈ε〉 = 0.17%

of FCC lattice microdeformations.

Fig. 3 shows the TEM image of the structure. The

ring electron diffraction pattern corresponds to highly

dispersed austenitic structure with continuous and discrete

misorientation of its fragments (Fig. 3, b). The size of

the fragments of the structure in the dark-field image

(Fig. 3, c) does not exceed 30 nm. Apart from rings,

the electron diffraction pattern also includes reflexes of

other phases with interplanar distances different from

those present in austenite. Some of them form reflex

nets. Fig. 3, b shows one of the nets with the zone

axis [112]. The phase was identified as CrN nitride

(d(111) = 0.240 nm, d(220) = 0.146 nm) with a FCC lattice

based on the interplane distances and the angle between

the directions. Bright nitrides with size of 1−3 nm are

seen in the dark-field image of the structure in the reflex

(111̄)CrN (Fig. 3, d). There are also areas with the size

of up to 10 nm. The other net is formed by reflexes

related to the axis of the zone [001]CrN (Fig. 3, b) which

separately accommodates reflex (2̄2̄0)CrN and reflexes of
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Figure 1. Cutting pattern and sample sizes in millimeters for static tensile tests (a) and impact bending (b).
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Figure 2. a — diffractograms of Cr-Mn-N steel after tempering and tempering followed ultrasonic forging; b — parameters of the

austenite lattice after tempering (1) and tempering followed ultrasonic forging (2).

{200}CrN type are located on the ring {111}γ , because the

corresponding crystallographic planes of nitride and austen-

ite have close interplane distances (d(111)γ = 0.208 nm:

d(200)CrN = 0.207 nm).

A net of reflexes of another nitride Fe2N with an

orthorhombic lattice, parameters a=0.6147, b=0.5034,

c=0.4367 nm and interplanar spacing d(121) = 0.2055,

d(002) = 0.2183, d(2̄4̄0) = 0.1165 nm, first discovered by

us in [23] is shown on the electron diffraction pattern

(Fig. 3, b). The formation of Fe2N during the aging of

high-nitrogen steels was not observed before, since the

interaction of chromium and nitrogen producing Cr2N

nitride is thermodynamically more advantageous. According

to the formation of CrN and Fe2N nitrides in the conditions

of low diffusion mobility of atoms and high local tensile

stresses is associated with the type of their crystal lattices,

which ensures the best coupling of the matrix and secondary

phases.

Therefore, the analysis of TEM images of the structure

showed that strain aging occurs in the dispersed austenitic

structure of the near-surface layer during strain treatment

at room temperature. The formation of CrN and Fe2N

nitrides in the result of cold strain treatment by ultrasonic

forging indicates, firstly, a strongly nonequilibrium state of

a solid solution doped with nitrogen, and, secondly, that

strain aging in this case is a mechanism of relaxation of

internal stresses caused by doping. The relaxation process is

evidenced by a decrease of the lattice constants and the fact

that the lattice volumes of CrN and Fe2N nitrides are larger

than the lattice volume of the matrix phase, therefore, they

are formed in local areas of tensile stresses.

2.2. Tensile tests

It is well known [18] that in the limited deformed state the

metal materials have low plasticity. The plasticity becomes

even lower at negative deformation temperatures. The

properties of high-nitrogen steel at cryogenic temperature

with and without a hardened surface layer can be judged by

Fig. 4, which characterizes the typical strain behavior and

properties for each series of samples.

Technical Physics, 2024, Vol. 69, No. 1
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Figure 3. The structure of the near-surface layer of Cr-Mn-N-steel after ultrasonic forging: a — bright field image; b — electron

diffraction pattern with CrN reflex grids z = [112]CrN and [001]CrN, as well as a grid of reflexes Fe2N z = [21̄0]Fe2N; c — dark-field image

in a fragment of a ring highlighted by a selector diaphragm on the electron diffraction pattern; d — dark-field image in reflex (111̄)CrN.
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Figure 4. Curves δ−ε (a) and the change of the strain hardening rate (b) in case of tensile testing of Cr-Mn-N-steel at −196◦C after

tempering from 1100◦C (1) and after ultrasonic forging (2).

It is apparent that ultrasonic forge treatment increases

the yield strength, but does not affect the tensile strength.

Obviously, the increase of yield strength is attributable to

the high resistance to strain of the near-surface layer with a

Technical Physics, 2024, Vol. 69, No. 1
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Figure 5. Cr-Mn-N-steel fracture topography with a surface treated by ultrasonic forging and subjected to tensile testing at −196◦C (a);
enlarged image of the fragment A (b), enlarged image of the fragment B (c).
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Figure 6. Fracture topography of hardened Cr-Mn-N steel after impact bending tests at −196◦C: macrorelief (a); microrelief of the

fragment A (b); microrelief of the lips of the fragment section B (c).

nanostructure, and the strength value is determined by the

structure in the central part of the sample. The moment

when this layer stops to perform the function of a barrier

for tensile plastic strain because of its failure corresponds

to strain εtrue = 0.046 at the point C in Fig. 4, b. The

strain hardening rate of the sample becomes less than the

corresponding characteristic of the untreated sample to the

right of this point.

The work of plastic strain, defined by the area bounded

by the curve 2 in Fig. 2, a, before strain εtrue = 0.046

by 13% more than the corresponding value for the curve 1,

which indicates a limitation of the structural mechanisms of

relaxation of external stresses in the nanostructured layer.

Therefore, the experimental results indicate that the surface

treatment of the studied steel reduces its ductility, but the

plasticity of the nanostructured layer is quite high, ∼ 5% at

the same time.

The study of the topography of the surface of the

destroyed samples revealed a difference in the micromecha-

nisms of destruction of the near-surface nanodisperse layer

containing particles CrN and Fe2N and the rest of the

sample section (Fig. 5).

Technical Physics, 2024, Vol. 69, No. 1
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Figure 7. The topography of fracture of the tempered Cr-Mn-N-steel which is then treated by ultrasonic forging after impact bending

testing at −196◦C: a — macrorelief; b — microrelief of the fragment A; c — microrelief of the near-surface layer of the fragment B .
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Figure 8. The dependence of KCV on the test temperature of

Cr-Mn-N-steel after tempering 1 — from 1100◦C [30] and 2 —
after ultrasonic forging

The near-surface layer with a dispersed structure in high-

nitrogen austenitic Cr-Mn-N steel shows a ductile failure in

case of subsequent deformation at −196◦C. The structure

refinement to a nanoscale level reduces the mobility of

dislocations, the length of their free path, and prevents the

occurrence of martensitic transformations.

The remaining part of the sample shows a brittle failure.

The fracture has a specific lamellar structure. The failure

of this type is attributable to ε-martensite with a HCP

lattice [30,31] as a result of the TRIP effect caused by the

dislocation mechanism [32].

2.3. Impact bending tests

Our previous study [31] showed a ductile failure of tem-

pered steel in the temperature range from −114 to +20◦C

forming a dimpled microrelief. Brittle transcrystalline

fracture by chipping is a dominant mechanism of sample

failure in the central part at −196◦C. There is great freedom

for the development of the plastic flow of the material near

free surfaces [33], a plane stress state occurs [34]. Shear lips

are formed under the action of maximum tangential stresses

at an angle of 45◦ with a dimpled relief characteristic

of a ductile micromechanism of destruction are formed

(Fig. 6). A transition zone with a mixed brittle and ductile

micromechanism of destruction can be defined.

Strain treatment by ultrasonic forging prevents plastic flow

near the lateral faces of the samples and thereby affects the

nature of the stress state in these zones with a change to a

close to plain strain. This is evidenced by the absence of

shear lips near the free surfaces treated by ultrasonic forging

and absence of tightening near the fracture (Fig. 7, a).
The testing of steel of similar composition for static

crack resistance at −196◦C provided a similar result [34].
Nevertheless, (Fig. 7, b, c) shows that the micromechanism

of failure of subsurface layers hardened by ultrasonic forging

is ductile. A dimpled fracture with equiaxed pits indicates

normal separation stresses. The thickness of the near-

surface ductile fractured layer is greater than it thickness

at the lips of the section of tempered steel, and varies

within 200−300µm. A distinct gradient is visible on the

topographic image of the fracture in the absence of a

transition layer with a mixed type of fracture (Fig. 7, b).

At the same time, nanostructuring of the surface layers

did not increase the energy intensity of steel destruction,

which manifested itself in a decrease of its toughness. A

reduction of the impact strength of KCV was also recorded

at other temperatures — −100 and −80◦C (Fig. 8).

A comparison of the impact loading curves at tempera-

tures −110 and −80◦C of samples without strain treatment

and after ultrasonic treatment showed that strain treatment

contributes to an increase of strain hardening (angle of

inclination of the ascending branch) and maximum load

by 1F at the stage of plastic yield and nucleation of the

main fracture (Fig. 9). At the same time, the ultrasonic

forging impact on the work of plastic deformation and

crack nucleation (the area under the ascending branch) is

insignificant and increases in some samples and decreases

in other samples. The ultrasonic forging has the most

significant impact on the stage of fracture propagation,

which starts at the moment of a steady decrease of the

load in case of impact bending. A decrease of the crack

Technical Physics, 2024, Vol. 69, No. 1
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propagation work (the area under the descending branch

of the curve) indicates a low dynamic crack resistance of

steel [35] treated by ultrasonic forging at all temperatures

studied. Other materials with FCC, BCC and HCP

nanodisperse structure [35] also have low dynamic crack

resistance.

The energy intensity of the nucleation of the main crack

and its propagation at cryogenic temperature is extremely

low in both cases (Fig. 9, c).

In our opinion, the brittle transcrystalline fracture by

chipping and quasi-chipping of high-nitrogen steels is at-

tributable to the highly stressed state formed at cryo-

genic temperature because of a decrease of the vol-

ume of the FCC lattice, with a constant concentration

and radius of nitrogen atoms embedded in the lattice.

Internal stresses increase as the test temperature de-

creases and reach critical values at −196◦C. Stress re-

laxation under impact loading occurs without significant

inclusion of dislocation mechanisms of plastic deforma-

tion.

A ductile pit fracture of the near-surface layer, both under

tension and under impact bending at cryogenic temperature,

is formed due to a local decrease of internal stresses in this

layer because of the release of nitrogen from the insertion

positions and the formation of nitrides in the ultrasonic

forging process. This conclusion is consistent with data on

an increase of the temperature of the ductile and brittle

transition with an increase of the concentration of dissolved

nitrogen [6]. Along with the presence of a clear sign of

the ductility of steel in the form of a pit fracture, there are

also obvious signs of brittleness in the near-surface layers

treated with ultrasonic forging: the absence of tightening on

the side faces of the Charpy samples and the shear lips the

almost complete absence of a plastic deformation area on

the impact bending diagram. The structure atomization by

intensive strain to an extremely high degree forms a highly

defective structure in which dislocation slip is complicated.

The steel hardening by surface strain treatment prevents the

relaxation process during the testing process. Therefore, the

plasticity and impact strength decrease despite the formation

of a pit fracture in part of the section.
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Conclusion

The studies of the structure and nature of destruction at

cryogenic temperature of high-nitrogen stainless Cr-Mn-N

steel, the structure of the surface layers of which is refined

by intensive deformation to the nanoscale level, showed the

following.

1. The strain aging with the formation of nitrides CrN

and Fe2N during intensive strain (ultrasonic forging) of

near-surface layers is accompanied by a decrease of the

parameter of the austenite lattice and indicates a decrease

of internal stresses.

2. Preliminary ultrasonic forging suppresses martensitic

transformations under static tension, contributes to an

increase of the strain hardening, yield strength, does not

affect the ultimate strength and reduces ductility.

3. The impact strength of steel with surface layers

hardened by ultrasonic forging, is lower than after tempering

from 1100◦C.

4. The surface layers treated by ultrasonic forging show

ductile fracturing with the formation of a dimpled relief. The

ductile failure micromechanism is attributable to the strain

aging, which contributes to a decrease of internal stresses in

the FCC lattice because of the release of nitrogen from the

nitride injection and formation positions.
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