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ABSTRACT 
 

New practically carbon-free high-strength aluminum-bearing steels on iron-chromium-
nickel basis, combining high durability, corrosion resistance, elasticity and heat-
resistant, have been developed.  
It is shown, that austenite in austenitic and austenitic-ferritic steels is metastable and at 
plastic deformation practically completely passes in deformation martensite.  
  
1. INTRODUCTION 
 
Corrosion-resistant austenitic steels are widely used as a promising high strength 
material for such important products as elastic elements, springs, or some special kinds 
of medical instruments. They have a number of valuable qualities - a non-magnetic, 
high corrosion resistance in atmospheric and corrosive environments, high adaptability 
and flexibility, high heat and heat resistance, etc. However, one of the major drawbacks 
of hardened austenitic steels as structural materials is the relatively low yield strength, 
which limits the possibility of their application in critical heavy-duty detail. 
Possible ways of increasing the yield strength steels are not so much: solid solution 
hardening of austenite due to the additional doping by holding cold or warm plastic 
deformation, as well as carbide or intermetallic precipitation hardening. 
The effectiveness of thermomechanical hardening of austenitic steels is determined by 
the stability of γ-phase and, therefore, the probability of formation of deformation 
martensite. In this case there is a direct dependence of the effect of hardening of the 
volume fraction of the formed phases. Deformation martensite is less structurally 
equilibrium phase, and therefore the it during the subsequent post-deformation aging 
diffusion processes take place more actively, leading to the subsequent decay of 
supersaturated solid solution hardening of the particles with the release phase. Plastic 
deformation plays an important role in the processing of strain-aging austenitic steels, 
since it effectively influences the structure formation. 
The purpose of this study - the study of the influence of severe plastic deformation on 
phase composition, structure and properties of austenitic steels on the  Fe-Ni-Cr base. 
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2. RESEARCH METHODOLOGY 
 
We studied two austenitic steels having the same base alloying, but differ in their 
content of cobalt (steel #4: 03Х14Н11K5M2ЮT and #10: 03Х14Н11M2ЮT). Pieces of 
steel wire (diameter 8.0 mm) was subjected to preliminary tempering at the 
supersaturated γ-solid solution, and subjected to equal channel angular pressing 
(ECAP), which was conducted at the facility at the Institute of Physics of Advanced 
Materials USATU. The ECAP was carried out by compression deformation of the 
samples with a diameter 8.0 mm and a length of 60 mm in four and six passes, N = 4 
and N = 6, with the use of equipment with an angle of intersection of channels 120º and 
implementing route Вс at 400 ºC. This route (Вс) implies that after each pass workpiece 
is rotated about its longitudinal axis at an angle of 90 °. Pass under Route Вс leads to a 
change in the direction of the shift, while the shear plane is rotated through 120°. 
Another type of plastic deformation of the sample was by drawing, which was carried 
out on samples of wire on the route from diameter 7.8 mm to 0.8 mm in diameter. 
Samples were taken for testing on the drawing route through 2-3 passes; the degree of 
deformation of the stretched samples was determined by a formula  
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The feature of alloying and low carbon content (less than 0.03%) had gave high 
adaptability and plasticity, which allowed for an intense cold plastic deformation without 
loss of ductility and significantly reduce the number of intermediate annealing at during 
the production of thin sections wire. For evaluation of the mechanical properties of wire 
samples was carried out definition of the σв; σ0,2; δ,%; ψ,%. Measurement of the 
volume fraction of deformation martensite performed magnetometric and x-ray method. 
The content of the bcc and fcc phases were determined by homologous pairs. 
Microstructural studies were performed on an optical microscope OLYMPUS JX-51, 
with increases of 200 and 500 times. Electron microscopic studies - on the microscope 
JEM-200CX and JSM-5610LV. Termo-X-ray phase analysis was performed using a 
thermal camera AntonPaar HTK 1200N, and in the temperature range from 20  
to 1100 °C with a point - 100 °C in  K-α exposures at each point in the angle of 
reflection θ = 12–70°, copper radiation. 
 
3. RESULTS AND DISCUSSION 
 
The structure of the studied steels is typical for austenitic stainless steels, consists of 
austenite grains polyhedral shape with thin boundaries and annealing twins (Fig. 1a, b). 
After hardening, the mechanical properties of the studied steels are characterized by 
maximum ductility and toughness (KCV = 2.26-3.69 MJ/m2), and low values of strength, 
yield strength and hardness. It is known [1], that the cobalt doping inhibits formation of 
δ-ferrite in austenitic steels, and therefore in the structure of hardened steel with cobalt 
(steel #4) had 100% austenite, while the structure cobalt-free steel were present to 5-
10% δ-ferrite (see Table 1). 
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Fig. 1 The structure of quenched from 1000 ° C steels: a, b, c, - # 4 d, e, f - # 10 
 
3.1 Severe Plastic deformation (SPD) by ECAP 
Equal channel angular pressing is considered one of the most promising ways of IAPs, 
which can deform the workpiece without changing the size and shape, to achieve the 
required high degrees of deformation, creating a high density of defects needed to 
grind grains. Massive samples with nanocrystalline structure can then be used as billets 
for the manufacture of medical devices or other parts of responsible using [2]. 
The structure of the investigated steels after ECAP is shown in Fig 2. There is 



  

elongated in the direction of the grain structure of the sample in both steels after 
different numbers of passes. 
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Fig. 2 The structure of steel after 4 passes EACP 10 (a, f) and 4 (b, d, c, e) 
 
Intragranular structure is revealed only by electron-microscopic analysis (Fig. 2, d, e, f). 
The structure inside the grain after ECAP oriented to the size of the structural elements 
of 100-250 nm. The presence of electron diffraction ring indicates the presence of 
large-boundaries (Fig. 2, d). In the process of repetitive pressing of accumulated strain 
in the workpiece shift, resulting in the formation of ultrafine-grained (UFG) structure. 
Electron-microscopic and X-ray diffraction studies have shown that during ECAP in the  
investigated steel γ→α transformation does not occur.  Since  the processes of ECAP 
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occur at temperature ∼ 400 °C, 0.25 from melting temperature, the thermal return 
process eliminate nonequilibrium sources of point defects, dislocation rearrange the 
structure that forms during deformation. As a result of dynamic recovery decreases the 
dislocation density and the remaining dislocations tend to form stable configurations in 
the form of walls or nets (Fig. 2, e). However, during the hot deformation return is 
always incomplete, i.e. the number of newly generated dislocations is greater than the 
number of annihilating. Therefore, when warm deformation, as in the cold, is a 
significant strain hardening, which accounts for the increase in the strength properties 
of more than 2 times (see Table. 1). 

 
Table 1 Mechanical properties of the studied steels after quenching and subsequent 
severe plastic deformation 

# steel Treatment 

Phase 
composition,

 % 
σ0,2, 
МPа 

σВ, 
МPа 

δ, % 
ψ, 
% HV

BCC FCC

10 

Quenching 1000°С 5-10 95-
90 345 590 55 85 195

ECAP,  N =4 - 100 690 806 42 74 290
SPD by drawing 

е =3,2 100 - 1800 1980     2 35 440

4 

Quenching 1000°С - 100 330 550 60 83 200
РКУП, N =4 - 100 980 1012 9 60 390

SPD by drawing 
е = 4,0 100     - 2250 2500 10 44 450

 
3.2 Severe Plastic Deformation by drawing  
Technology for producing high-strength elastic elements of the metastable austenitic 
steels involves the use of high degrees of deformation of the total drawing wire (or 
crushes the tape). Earlier studies of the evolution of structure in steel with cobalt in the 
process of deformation have shown that at low degrees of deformation ∼ 30% (e = 
0.39) on the background of uniformly distributed dislocations appear numerous stacking 
faults, twins, who first arranged in a shift system {111 } <112>, and then with increasing 
degree of deformation in two or more systems, and there are ε-martensite plates (Fig. 
3a, b). With further increase in the degree of reduction in the structure of martensite 
deformation appears, the number of which increases with increasing degree of cold 
plastic deformation (Fig. 3, d, e). 
Most often, the formation of ε-martensite in steels in the Fe-Cr-Ni-based observed at 
low degrees of deformation. However, as stated in [1] Cobalt inhibits the formation of α-
martensite and increases the formation of ε-martensite. We can therefore assume that 
the process microtwining in cobalt steels impedes the formation of martensite 
deformation, and the amount of deformation martensite in the initial stages of 
compression is increased slightly.   
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Fig. 3 The fine structure of steel #4 deformation e = 0.39 (a, b, c): 

a - bright-field image, b - dark-field image in the reflex ε-phase (12.4) ε, in the diagram 
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Therefore, in steels without cobalt γ→α transformation occurs at lower degrees of 
compression (Fig. 4, a-e). The investigated steel after quenching from 1000 ° C in 
water was stretched without intermediate annealing to the diameter of 8.0 to 0.88 mm. 
The true strain (e) in this case was about 4.  
Drawing on the route has been sampled for mechanical testing and further research. In 
addition, the mechanical properties measured on wire samples collected along the 
route drawing and aged at 500 °C for 1 h. The fine structure of the deformed and aged 
samples is shown in Figure 3, e, g. 
As shown by X-ray diffraction patterns, all the studied austenitic steels is a metastable 
and after cold plastic deformation undergoes a martensitic transformation. Note that for 
moderate reduction quantity of the deformation martensite is different in different 
alloying, and with intense degrees of deformation the difference is leveled, and e = 4 
the quantity of deformation martensite is 93-98%, which can also be explained by δ-
ferrite presence in the steels in the quenched state with low cobalt and varying the 
intensity of α-martensite formation (Table 2).  

 
Table 2 The number of deformation martensite, depending on the true strain 

е = 2lnd0/di 
BCC, % 

# 4 #10 

0 0 2,0 

1,15 25,8 71,4 

2,99 84,3 87,8 

4,15 92,9 97,7 
 
The optical microstructure, shown in Fig. 4 has the form typical for the majority of 
austenitic stainless steels, subjected to deformation of the drawing. If the deformation is 
a change of grain shape - from equiaxed it become fibrous elongated along the axis of 
the drawing. 
  Orientation and the texture were determined by the severity of the shooting from the 
ends of the sample. The main orientation in the austenite matrix occurs in the direction 
of  < 111>, it is supplemented by a second component < 100> type, parallel to the wire 
axis. In a large deformation (when the volume fraction of martensite in the structure 
becomes visible) can also record preferential orientation of α-solid solution crystals in 
the direction of < 110>. 
Analysis of the pole density and volume fraction of formed deformation martensite 
showed that with increasing degree of deformation of the pole density of α-martensite 
investigated steels is continuously growing (from 1.9 to 3.2), indicating that a significant 
fragmentation of the structure. 
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Fig. 5 Microstructure of steel # 4 after quenching and deformation (e = 3.2) a - along 
the axis of drawing, b – butt 

 
Intense plastic deformation by the drawing can be 4-5 times to increase the strength 
properties of steels, while maintaining sufficient satisfactory ductility (see Table 1). 
Hardening of the investigated steels is due to the simultaneous complex and influenced 
by several factors. Increasing in the strength of metastable austenitic steels has been 
caused by twinning of γ-solid solution. Of course, a favorable impact on the 
effectiveness of hardening during drawing and has flowing γ → α transformation. 
Quantitative relationship between the level of deformed state and the volume of 
martensite phase can be clearly observed. A study of such high technology steels, 
determined not only by the peculiarities of their doping, but also a pronounced TRIP-
effect, which occurs in the studied steels, determined by their high ductility, which 
allows the cold plastic deformation with extremely high degrees of compression and to 
obtain the structure of steels nanocrystalline state. Of special note is the role of cobalt. 
Found that the martensitic transformation in steels with 5.0% cobalt is realized by the 
scheme γ→ε→α, with a wider scope of twinning. The offset phase γ → α turning 
toward lager degrees of reduction can increase the degree of the total reduction of wire, 
longer-lasting high plastic properties and processability than steel with a low content of 
cobalt. The experiment revealed that cobalt-free steel can deform with the degrees of 
reduction e ≤ 3,0, with the further increase of the total degree of reduction leads to a 
sharp decrease of plastic properties, while the cobalt-containing steels can be 
deformed with the deformation of e = 4.0 without significant loss of ductility. 
It should be noted that the deformation of the martensite structure is less than the 
equilibrium phase, and therefore it is the subsequent aging post-deformation active 
diffusion processes take place, leading to the subsequent decay of supersaturated 
solid solution hardening of the particles with the release phase NiAl, which contributes 
to further improve the strength properties of the finished product (an increase of 
strength properties of ∆σв  in this case is ∼500-600MPa). 
In order to clarify the temperature ranges of existence of phases, and temperature 
ranges of their separation and dissolution was carried out high-temperature X-ray cold 
samples (Fig. 6), which showed that the reverse γ→α conversion starts at temperatures 



  

above 550 °C, the deformation martensite disappears when heated above 600 °C. The 
temperature of beginning the recrystallization of austenite falls on ∼ 750 °C. 

 
Fig. 6 Termo-X-ray pattern of deformed steel # 4 

(heated in the temperature range 30.. 950 °C) 
 
 
CONCLUSION 
 
In the present study, we investigated the potential of severe plastic deformation by 
equal-channel angular pressing and drawing to produce the nanocrystalline state. 
Comprehensive analysis of structure of the nanocrystalline state, conducted 
microstructural, electron-microscopic and X-ray diffraction studies, as well as the 
methods of thermal analysis and X-ray diffraction study of the physical and magnetic 
properties led to the following conclusions: 
1. The increase in cobalt content in the steel improves the homogeneity of the structure 
due to suppression of the structure of δ-ferrite. With decreasing content of cobalt 
increases the tendency of steel to the selection of intermetallic phases.  
2. The impact of severe plastic deformation (equal-channel angular pressing and 
drawing) leads to the formation of ultrafine-grained austenitic structure with 
predominantly of large-boundaries. The size of SMC-oriented structure with equal 
channel angular pressing ranges from 120 to 250 nm.  
3. During equal channel angular pressing in the studied steels does not observed γ → 
α transformation, which allows obtaining a material with austenitic structure, but with 
higher yield strength and durability while maintaining the original dimensions of the 
workpiece.  
4. The intense cold plastic deformation leads to an intense drawing martensite 
formation. The number of deformation martensite depends on the degree of intense 
cold plastic deformation, and on the doping and can reach 100%. SPD by drawing 



  

leads to the formation of nanocrystalline structure, the size of the deformation 
martensite crystals is 20-50 nm.  
5. During heating, the deformation martensite is experiencing the reverse α → γ 
transformation in the temperature range 550..600 ˚C. 
6. Post-deformation aging leads to an additional increase of strength properties. Phase, 
responsible for the hardening, is NiAl. 
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