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Phase Transformations in Stainless Cr-Mn-N Steel Activated by
Nanostructuring Surface Treatment and Their Influence on Deformation
Behavior and Fracture at Cryogenic Temperatures
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The structure of stainless austenitic Cr—Mn—N steel after deformation treatment of its surface by ultrasonic
forging strain (UFS) has been studied. It is shown that UFS activates strain aging in the near-surface layer with
the formation of CrN particles. Preliminary ultrasonic treatment of the steel surface contributes to an increase in
the yield strength during tensile tests at a temperature of —196°C and provides ductile fracture of the near-surface

layer.
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Strain dispersion of the structure of metals and alloys to
nanoscale state can significantly improve their physical and
mechanical characteristics [1-4]. The structures formed by
large and megaplastic strains are quite unusual. Reduction
in size of metals and alloys structure to the nanoscale
level according to [5] prevents nucleation and propagation
of cracks. The boundaries of strain fragments in such a
structure during subsequent annealing are not capable of
active migration [6]. In aging steels Cg—Mn—N during
severe plastic strain primary nitrides may dissolve, and
secondary dispersion hardening may take place [7].

Interest in the surface hardening of metallic materi-
als [3,4,8] by severe strain is due to a combination of
technological simplicity with the effectiveness of increasing
strength characteristics. These methods are promising for
active application in order to harden the near-surface layers
of austenitic steels with low packing defect energy. Repre-
sentatives of this class of steels are nickel-free austenitic
high-nitrogen steels. They have high strain hardening,
demonstrate high strength, ductility and fracture toughness,
including at negative temperatures (up to cryogenic) [4,9].
However, the effect of structure dispersion on the strain
behavior and fracture nature at cryogenic temperatures
in relation to the phase transformations occurring during
both nanostructured pretreatment and subsequent low-
temperature strain has not been investigated. To develop
previously published papers [8,9], it is of interest to study
the indicated aspects on the example of Cr—Mn—N steel.

Steel was melted in a 50-kg induction furnace with
a chromium-magnesite lining.  Armco-iron, low-carbon
ferrochrome, metallic manganese, and nitrided ferrochrome
were used as a charge. The chemical composition of the
investigated Cr—Mn—N steel is shown in the table.
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Chemical composition (in wt.% )

Si Ni C

0.07

N P S Fe

1650 | 18.81 | 0.52 | 0.24 0.53 | 0.01 | 0.001 | Res.

After tempering from 1100°C in water, steel had single-
phase large-crystal austenitic structure with grain size
30—-50um. The surface of the steel plate with thickness
of 10mm, width of 20mm and length of 100 mm was
ground and polished with diamond pastes. Then the surface
was treated by forging with ultrasonic frequency (ultrasonic
forge treatment) at room temperature on equipment and
using the method described in [3]. Samples were cut from
this plate using spark erosion with working area dimensions
of 15 x 2.5mm and thickness of 1mm. In the samples
for mechanical testing only one surface was subjected to
ultrasonic forge treatment. The thickness of the hardened
layer was 10% of the sample thickness.

The structure of the near-surface layer of steel was
examined with a transmission electron microscope HT-7700
(TEM) (Hitachi, Japan) at accelerating voltage of 120 kV.
Cross sections were made using a system of focused ion
beam FB-2100 (Hitachi, Japan).

Mechanical strain tests were conducted on a test machine
INSTRON 5582 (USA) at temperature of —196°C with
speed of 1.87-10"*s~! until destruction. Samples after
tempering were used for comparison under the same
conditions.

The destruction surface structure was investigated on a
raster electron microscope Tescan MIRA 3 LMU.

Highly dispersed fragmented structure of austenite after
ultrasonic forge treatment is characterized with a ring
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Figure 1. Structure of near-surface layer of steel Cr—Mn—N after ultrasonic forge treatment. a — electron diffraction pattern with reflex
lattices CrN: z = [112] and [001]; » — dark field image of the structure in a ring fragment (111),, identified by a selector diaphragm on
the electron diffraction pattern, shown in part a; ¢ — dark-field image of the structure in reflex (111)c.

electron diffraction pattern with continuous and discrete
misorientations (fig. 1, a).

The size of fragments in austenitic structure of near
surface layer shown in fig. 1,5, does not exceed 30nm.
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. One of nets with the axis of zone [112]
is shown in fig.1,a. By the value of interplanar distances
and angle between the directions, the phase is identified as
nitride CrN (d11) = 2.40 A, di220) = 1.46 ,&) with a face-
centered cubic lattice. Dark-field image of the structure in
the reflex (111)cn shows brightly luminous nitrides with
size of 1-3nm (fig. 1,c). There are also areas with the size
of up to 10nm. The other net is formed by reflexes related
to the axis of the zone [001]cn (fig. 1,a), which separately
accommodates a reflex (220)cyn, and reflexes of type
{200}¢N are located in a ring {111},, since corresponding
crystallographic planes of nitride and austenite have close
interplanar distances (dj11), = 2.08 A, di200)crny = 2.07 A).

The electron diffraction pattern also includes reflexes of
other nitride, for example Fe,N.

Therefore, analysis of electron diffraction pattern and dark
field images demonstrated that strain treatment at 23°C
activate strain ageing in a dispersed austenite structure
of near-surface layer. The paper [10] demonstrates that
formation of coherent precipitations of CrN in steel with
similar composition occurs at thermal treatment — ageing
at 500°C for 2h. Formation of CrN during cold strain
ultrasonic forge treatment indicates, firstly, the highly non-
equilibrium state of the nitrogen-doped solid solution and,
secondly, that strain ageing in this case is the mechanism of
relaxation of the internal stresses formed during ultrasonic
forge treatment. The relaxation process is evidenced by the
fact that the volume of the CrN face-centered cubic lattice
is larger than that of the matrix phase. Consequently, they
are formed in local regions of tensile stresses.

The papers [4,8] demonstrated that there is no HPC lattice
martensite in the near-surface layer after strain treatment e.
The reason for that is strain heating causing reverse £ — -
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Figure 2. Curves 0 —¢ (a) and charge in strain hardening rate () in strain tests at —196°C for steel Cr—Mn—N after tempering

from 1100°C (/) and after ultrasonic forge treatment (2).

transformation [8] in process of treatment. The intensity of
strain heating is low, since a thick (10 mm) plate in process
of ultrasonic forge treatment was heated by not more
than to 50°C. In local microvolumes the temperature was
higher, and this factor additionally supported precipitation
of dispersed nitride particles. At a larger depth the impact
of strain heating weakens, and e-martensite [4] is observed
in the structure inside the strain twins.

It is well known [1] that in the limited deformed
state the metal materials have low plasticity. Plasticity
and viscosity of damage become even lower at negative
strain temperatures [9,11]. One of the reasons for that
is strain induce y — e-transformation [9] or y — ¢ — a-
transformation. The full cycle y — ¢ — a-transformation
was observed in the zone of investigated steel strain
localization immediately prior to damage at —196°C [3].
Indeed, the plasticity of samples with the strengthened
surface layer is substantially lower than without it (fig. 2, a).

It is obvious that ultrasonic forge treatment increases yield
strength, but does not impact the tensile strength. Obvi-
ously, increase in yield strength is due to the high resistance
to strain of the near-surface layer with nanostructure and
the strength value is determined by the structure of 90%
of the sample thickness outside the hardened near-surface
layer. The moment when this layer ceases to act as a
barrier to tensile plastic strain and collapses, corresponds
to strain & ye = 0.046 at point C in fig. 2, 5. To the right of
this point, the strain-hardening rate of the sample with the
nanostructured layer becomes less than the corresponding
characteristic of the untreated sample.

The work of plastic strain, at which the strain
&rue = 0.046 determined by the area bounded by the
curve 2 in fig. 2,a, is 13% greater than the corresponding
value for the curve /. An increase in strain above this value
leads to a decrease in the strain hardening rate compared
to the sample without the nanostructured layer. Thus, the
experimental results indicate that the ultrasonic forge treat-
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Figure 3. Fractographic image of Cr—Mn—N steel fracture with
the surface exposed to prior ultrasonic forge treatment and tested
for tensile strength at —196°C. A — viscous fracture, B — brittle
fracture.

ment of the investigated steel reduces its ductility, but at the
same time the ductility of the nanostructured layer before its
fracture is high enough (~ 5%). Consequently, the decrease
of relative elongation in samples with nanostructured layer
occurs due to the peculiarities of structure changes in the
sample cross-section outside this layer.

The study of the surface of the destroyed specimens
revealed the difference in the micromechanisms of near-
surface nanodispersed layer fracture containing CrN parti-
cles and the rest of the sample cross section (fig. 3).

The near-surface layer with dispersed nanoscale structure
in high-nitrogen austenitic Cr—Mn—N steel during subse-
quent deformation at —196°C fractures viscously. Outside
of this layer the steel fracture is brittle. The fracture
has a specific lamellar structure. e-martensite with HPC
lattice [9,12] is responsible for such fracture.



16

N.A. Narkevich, E.E. Deryugin, I.V. Vlasov

Therefore, ultrasonic forge treatment helps to form CrN
particles in near surface layer and to improve yield strength.
Besides, after ultrasonic forge treatment at room temper-
ature and subsequent tensile strength tests at —196°C,
absence of e-martensite with HPC lattice in the near surface
layer was noted, which provides for its viscous nature of
fracture.
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