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Abstract. Using the methods of transmission electron diffraction microscopy, a quantitative evolution analysis of defec-
tive and carbide subsystems of medium-carbon steel with a bainite structure under a compression strain up to 36% has been 
performed. A quantitative analysis of carbon redistribution has been carried out, as well as the dependence established of the 
concentration of carbon atoms arranged in a crystal lattice of - and -iron on structural defects in cementite particles lying 
in a number of bainite plates and intra-phase boundaries, and on the degree of deformation. 

It has been demonstrated that scalar dislocation density, material volume with deformation twins, a number of stress 
concentrators, the amplitude of crystal lattice curvature-torsion, the disorientation degree of fragments are increased with the 
growth of the degree of deformation and average longitudinal fragment sizes are decreased. The long-range stress fields 
have been estimated. The possible causes of the different stages of parameter changes of the carbide phase and dislocation 
substructure with deformation have been discussed. 

Strengthening mechanisms with the boundaries of the plates and fragments, scalar dislocation density, long-range stress 
fields, and cementite particles, the interstitial atoms have been estimated. It has been shown that the largest contribution to 
the amount of work hardening of the steel examined leads to substructural hardening (hardening due to long-range internal 
stress fields and structure fragmentation) and solid-solution hardening, due to the introduction of carbon atoms into the crys-
tal lattice of the ferrite. 

It has been suggested that the cause of softening of steel with a bainite structure at high (over 15%) degrees of de-
formation is the activation of the process of deformation fine-scale twinning. 
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1. Introduction 

Recently the attention of researches in the field 
of physical metallurgy is paid to the study of fea-
tures of bainite transformation in steels [1–5]. Steels 
with bainite structure are widely used in manufac-
ture of large diameter pipes, power engineering, au-
tomobile industry, production of rails, etc. [6–10]. 

Bainite steels, by virtue of transformation  
features, have a complex multiphase structure being 
formed as a result of superposition of shear and dif-
fusion mechanisms of transformation [11, 12]. The 
main factors determining properties of bainite struc-
ture steel can include: the availability of carbon at-
oms and other alloying elements in iron crystal lat-
tice; boundaries of grains, packets, crystals of bain-
ite; cementite particles; inclusions of retained aus-
tenite; dislocations and internal stress fields caused 
by structural elements [13–16]. A knowledge of 
quantitative regularities and mechanisms of work 
hardening of steel with bainite structure allows to 
control purposefully the structure-phase states of 
steel and its mechanical properties [11, 17, 18].  

For revealing the promising fields of technolo-
gies’ application based on plastic deformation fol-
lowing heat treatment it is necessary to study the 
dependence of hardening effect on structural state of 
the material and deformation  treatment parameters, 
to establish cause and effect relationships between 
the phenomena determining the complex improve-
ment of properties [19]. In its turn, a knowledge of 
regularities of structure formation and steel proper-
ties in plastic deformation is necessary for control 
the process of work hardening. 

The characteristics of carbide phase and dislo-
cation substructure are not determined by methods 
of optical and scanning electron microscopy and 
can reliably be revealed with application of trans-
mission electron microscopy [11, 20, 21]. Apparent 
scientific and practical importance of such results 
is determined by the fact that the understanding of 
physical nature and basic parameters of formation 
and evolution of structure-phase states and disloca-
tion substructure is a necessary condition for de-
velopment of physical material science of bainite 
steels. 

The aim of the research was to investigate the 
evolution of carbide subsystem, defective substruc-
ture, distribution of carbon atoms in structural steel 
with bainite structure under compression plastic de-
formation and to reveal the mechanisms of its work 
hardening. 

2. Materials and Methods  
Structural steel 30Cr2Ni2MoV was used as a test 

material [22]. Austenization of steel was done at tem-
perature 960 C during a period of 1.5 hours; cooling 
was done in air. Deformation of steel was carried out 
by uniaxial compression of columns 4×4×6 mm3 in 
size at  a  rate  ~7 10–3 s–1 on testing machine “Instron-
1185”. Compression as a method of deformation was 
convenient to use because, in this case, it was possible 
to reach the deeper deformations than in extension. 
Investigations of steel structure and phase composition 
were performed by methods of electron diffraction 
microscopy of thin foils [11, 19]. 

3. Results and Discussion 
A characteristic form of curves of steel work 

hardening is shown in Fig 1, . Mathematical treat-
ment of curves of work hardening shows that –  
relation has a periodic form and is described by pol-
ynomial of the fourth power. Differentiation of –  
relation curve makes possible to determine the coef-

ficient of steel work hardening .  

When analyzing the results shown in Fig. 1, b, two 
stages of work hardening can  be  singled  out:  a  stage  
with parabolic –  relation or decreasing coefficient of 
hardening  and a stage with a slightly changing nega-
tive value of coefficient of hardening. Transition from 
the first stage to the second one occurs in the interval 
of deformation degree (19…25) %. Failure of steel 
samples  being  tested  took  place  at  0.4 by brittle 
cleavage with the formation of some coarse frag-
ments. It is apparent that deformation behavior of 
samples is conditioned by the change of phase com-
position and defective substructure of the material. 

As a result of bainite  transformation  on contin-
uous cooling of steel a multiphase structure  is 
formed which is presented by -phase (solid solu-
tion based on bcc (body-centered cubic) crystal lat-
tice); -phase (solid solution based on fcc (face-
centered cubic) crystal lattice) and iron carbide (in 
low- and medium-carbon steels – cementite). The 
characteristic image of bainite structure of steel 
30Cr2Ni2MoV is presented in Fig 2. 

Deformation of steel is accompanied by changing 
the state of carbide phase. The increase in degree of 
deformation results in reduction of average sizes 
(Fig. 3), density and volume fraction (Fig. 4) of  iron  
carbide particles. At the same time the morphology of 
particles changes. First, their spatial form transforms: 
initially lamellar particles (ratio of longitudinal sizes 
(L) to transverse ones (d) L / d 8) transform into ellip-
soidal ones (L / d = 5)  (Fig. 3, insertion) at the last 
stage of deformation. 
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Fig. 1. Strain hardening curve ( ) and the dependence of strain hardening coefficient  
on deformation degree (b) of steel with bainite structure 

 
 

Fig. 2. Electron microscope image of the structure of 30Cr2Ni2MoV steel,  
formed as a result of cooling from the temperature of austenization;  

 – light field image; b – dark field, received in reflection [201]Fe3C; c – microelectron diffraction pattern,  
the arrow indicates the reflection, in which the dark field is received 
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Fig. 3. Dependence of longitudinal L (curve 1) and transverse d (curve 2) dimensions of cementite particles, 
located in the volume of bainite crystals on deformation degree of steel  
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Second, place of location of cementite particles 
changes: with the increase in degree of deformation 
the volume fraction of particles located on the 
boundaries of bainite plates increases markedly 
(Fig. 4, curve 1).  

The behavior of total volume fraction of cement-
ite  (Fig. 4, curve 3) is noteworthy. The initial stage 
of deformation (  10%) is accompanied by the in-
crease in total fraction of cementite particles in 
steel; at large degrees of deformation the volume 
fraction of cementite in steel decreases. It is clear 
that the increase in total fraction of cementite parti-
cles under small degrees of deformation is connect-
ed with transformation of retained austenite with 
formation of cementite initiated by deformation of 
steel. In fact, the carried out electron microscopy 
diffraction patterns have revealed the fact of rapid  

decrease in volume fraction of retained austenite 
already  at  low  (  10%) degrees of steel defor-
mation (Fig. 4, b).  

Third, inside of bainite crystals (on dislocations 
and boundaries of fragments) the particles of round 
shapes whose quantity increases with the growth of 
deformation degree are detected (Fig. 5).  

The discovered quantitative regularities of chang-
ing the parameters of steel structure in the process of 
plastic deformation enabled the investigations directed 
to the analysis of carbon atom distribution in the struc-
ture of the deformed steel to be carried out. 

Estimates of relative content of carbon atoms on 
structural elements of steel were carried out using 
the expressions generalized in Table. 1. The results 
of the carried out estimates are given in Fig. 6. 
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Fig. 4. Dependence of volume fraction of cementite particles ( ) and retained austenite layers (b)  
on deformation degree of steel ; curve 1 – cementite particles, located on the boundaries of ferrite crystals, 

curve 2 – in ferrite crystals; curve 3 demonstrates the changes of the total volume  
fraction of cementite in steel 

 
 

Fig. 5. Electron microscope image of 30Cr2Ni2MoV steel structure,  
subjected to an uniaxial compression at   36%;  – light field image;  

b – dark field, received in reflection [211]Fe3C;  – microelectron diffraction pattern,  
the arrow indicates the reflection, in which the dark field is received 
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Table 1 
Method of analysis of carbon distribution in steel 

Regions of carbon locations Estimate expression 

Solid solution based on -iron 
0

310
39 4
a aC V * 

Solid solution based on -iron 
0

310
44

a a
C V  

Particles of carbide phases  = Vk k; k(Fe3C) = 0,07 

Elements of defective structure  = 0 – (  +  + ) 
*Here V , V , Vk – volume fraction - -Fe and carbide phases, respectively; ,  – present parameter of lattice of 

- and -phase, respectively; 0 00,28668 , 0,3555a nm a nm ; 0 – average content of carbon in steel. 

The carried out estimates showed that with the 
increase in degree of deformation the quantity of 
carbon atoms located in solid solution based on -
iron (Fig. 6, curve 1), in cementite particles lying 
on intraphase boundaries (Fig. 6, curve 2), and 
those located on defects of crystal structure (Fig. 6, 
curve 3), increased. The quantity of carbon atoms 
forming cementite particles lying in the volume of 
bainite plates (Fig. 6, curve 4), and located in solid 
solution based on -iron (Fig. 6, curve 5), is re-
duced. Thus, plastic deformation of steel with bain-
ite structure is accompanied by appreciable redis-
tribution of carbon atoms. If in the initial state the 
basic quantity of carbon atoms was concentrated in 
cementite particles, then at the final stage of de-
formation the preferable location of carbon is crys-
tal lattice based on -iron. 

Martensite (shear) mechanism of ferrite for-
mation leads to the formation of dislocation sub-
structure of net-like type with a relatively high sca-
lar density of dislocations measuring 7×1010 cm–2 
in  the  tested  steel  in  bainite  plates.  Plastic  defor-
mation of steel leads to the increase in scalar density 
of dislocations (Fig. 7, ). In this case the type of dis-
location structure is unchangeable – a net-like sub-
structure is retained. 

When analyzing the results shown in Fig. 7, , 
two sections on the curve dependence of scalar 
density of dislocations on degree of deformation 
can be distinguished. On the first section (0% < < 
18%) a linear increase in scalar density of disloca-
tions is observed; on the second section (18% < < 
36%) being equal to the first one in length the 

growth of density of dislocations is practically not 
revealed.  This  circumstance  may  be  caused  by  
both the difficulty of dislocation substructure 
analysis at densities of dislocations being larger 
than 1011 cm–2, which is due to the overlapping of 
nuclei of closely-spaced dislocations and the pos-
sibility of realization of non-dislocation mecha-
nism of material’s deformation. 

One of these mechanisms being realized under 
deformation can be twinning. In fact, the investiga-
tions carried out in the research detected the signifi-
cant increase in volume of the material containing 
deformation microtwins under degree of defor-
mation exceeding 18% (Fig. 7, b). The characteris-
tic image of steel volume with microtwins of defor-
mation origin is shown in Fig. 8. 

Elastic stresses taking place in realization of 
shear mechanism of transformation  result in 
not only the formation of substructure with a high 
scalar density of dislocations but fragmentation of 
bainite plates as well that is the partition of plates 
into regions with a low-angular disorientation that 
are most clearly defined by methods of dark field 
analysis. 

Deformation of steel results in the decrease in 
average longitudinal sizes of fragments (trans-
verse sizes of fragments are limited by the bound-
aries  of  bainite  plates  and  are  practically  un-
changeable under deformation) (Fig. 9, ). In this 
case, several stages are revealed in changing of 
sizes  of  fragments:  at  the  first  stage  this  process  
runs very intensively, at the second stage – signif-
icantly slower.  
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Fig. 6. Dependence of carbon atom concentration, located in a crystal lattice based on -Fe (1), in cementite 
particles, lying on the internal phase boundaries (2), on structural defects (3), in cementite particles,  

lying in the volume of bainite plates (4), a crystal lattice based on -Fe (5) on deformation degree 
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Fig. 7. Dependence of scalar density of dislocations ( ) and material volume,  
containing microtwins (b) on deformation degree 

 
 

Fig. 8. Electron microscope image of steel structure following deformation  = 36%;  
 – light field image; b – microelectron diffraction pattern; c – dark field, received in reflection [101] -Fe;  

the arrows indicate: on ( ) and (c) – microtwins of deformation origin;  
on (b) – reflection, in which the dark field is received 
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The changing of sizes of fragments goes on 
the backround of increase in degree of their diso-
rientation (Fig. 9, b). Azimuthal constituent of the 
complete angle of disorientation was determined 
by the relative value of broadening of reflections 
of -phase in accordance with the technique pre-
sented in [20]. When analyzing the results shown 
in Fig. 9, b, three stages of development of the 
process  can  be  distinguished:  at  stages  I  and  III  
the disorientation of substructure elements in-
creases relatively slow, at stage II – it does signif-
icantly more intensive. 

Deformation of steel is accompanied by the 
formation of internal fields of stresses that are 
revealed in analyzing the bend extinction contours 
by methods of electron microscopy of thin foils 
[19, 21, 23, 24].  

The performed investigations showed that 
with the increase in degree of deformation the 

surface density of contours (Fig. 10, ) (a quantity 
of contours per unit area of the photograph) en-
hanced and their average transverse sizes de-
creased (Fig. 10, b). The first fact is indicative of 
the increase in number of stress concentrators in 
the material with rise of degree of deformation, 
the second one – the rise of amplitude of curva-
ture-torsion of crystal lattice of the material and 
internal long-range fields of stresses, respectively 
[19, 21, 23, 24]. Simultaneously with it the shape 
of contours and their arrangement in bainite 
plates  changes.  If  in  the  initial  state  and  at  low  
degrees of deformation the contours arranged 
predominantly transverse to the plates, crossing 
the plate from one boundary to the other, then 
following the large degrees of deformation (18% 
and more) ring contours encompassing some re-
gions in the volume of plates are formed in the 
material.  
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Fig. 9. Dependence of middle longitudinal dimensions of the fragments ( ) and the value of an azimuthal 
component of a complete angle of substructure disorientation (b) on deformation degree 
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Fig. 10. Dependence of surface contour density ( )  
and the middle transverse dimensions (b) on deformation degree 
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The regulations of parameter evolution of struc-
ture-phase states and defective substructure of steel 
under deformation detected above make it possible 
to analyze the mechanisms of work hardening. 

Hardening of the material with low angular 
boundaries (substructural hardening, hardening with 
boundaries of plates and fragments) can be estimat-
ed using the expression [25]: 

*
0( ) ,mL k L  (1) 

where m = 1 or 1/2, L – effective size of ferrite plates 
and fragments being defined with effective length of 
slip plane in the plate. It is established that at m = 1 k 
varies from 0.015 to 0.01 kg/mm3/2; at m = 1/2 k varies 
from 0.2 to 0.98 kg/mm3/2 [25, 26].  

Dependence of value of contribution from 
boundaries of fragments to work hardening of 
steel with bainite structure on degree of defor-
mation is shown in Fig. 11, . In calculations the 
following values of parameters included in the 
equation (1) were used: L – average longitudinal 
sizes of fragments; k = 0,015; m = 1.  It  is  clearly 
seen that with increase in degree of deformation 
of steel the value of hardening by fragment 
boundaries increases within 330 to 790 MPa 
(Fig. 11, ), and it is caused by decrease in average 
sizes of fragments (Fig. 9, ). 

The first term in the equation (1) 0 is friction 
stress of material’s lattice that is stress necessary for 
motion of dislocations in pure monocrystals (for ex-
ample, Peierls stress for pure metals). Consequently, 
stress 0 depends substantially on degree of material’s 
purity and value of its work hardening. For theoretical-
ly pure material 0 = 17 MPa. The experimentally de-
termined values 0 vary within 27 to 60 MPa [27, 28]. 
For steels value 0 = 30–40 MPa [29]. 

As noted above, a dislocation substructure of 
net-like type with a relatively high scalar density of 
dislocations measuring 7×1010 cm–2 is revealed in 
ferrite plates having been formed as a result of shear 
(martensite) mechanism of transformation. Plastic 

deformation of steel is accompanied by growth of 
scalar density of dislocations (Fig. 7, ).  In this case 
the type of dislocation substructure is unchangeable. 

Stress needed for supporting a plastic defor-
mation i.e. flow stress  is connected with density of 
dislocations in the following manner [27, 30, 31]:  

0 ,k  (2) 

where 0 – flow stress of non-dislocation origin (i.e. 
caused by other mechanisms of hardening);  – aver-
age (scalar) density of dislocations; k  =  m Gb; m – 
Schmidt orientation factor;  – parameter charac-
terizing the value of interdislocation interaction 
being equal 0.1...0.51 [28, 32]; G –  shear  mod-
ules ( 80 GPa); b – Burgers vector of dislocation 
(0.25 nm). For steels with regard to orientation 
factor m, m  0.5 is usually taken.  

In Fig. 11, b the dependence of value of con-
tribution, being determined by scalar density of 
dislocations, to the work hardening of steel under 
study on degree of deformation is shown. It is 
clearly seen that with the increase in degree of 
deformation of steel the value of the given contri-
bution is increased proportionally to the growth of 
scalar density of dislocations varying within the 
limits of 280 MPa to 360 MPa. 

The long-range fields of internal stresses play an 
important part in formation of yield point, work 
hardening and failure of crystalline materials. The 
application of method of electron diffraction mi-
croscopy enables one to analyze the value of inter-
nal stresses according to of material’s structure by 
several methods: 1) according to radius of segment 
bending of free dislocations [33, 34]; 2) according 
to distance between dislocations and parameters of 
dislocation aggregates [35]; 3) according to distance 
between active slip planes [36]; 4) according to pa-
rameters of bend extinction contours [24]. The 
fourth method was used in studying the long-range 
internal fields of stresses in this research. 

 
 

Fig. 11. Dependence of contribution into the flow stress from the boundaries of fragments ( )  
and dislocation «forest» (b) on deformation degree 
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The procedure of estimation of value of internal 
stress fields consists in determining the curvature-
torsion gradient of crystal lattice  [37]: 

0,017 ,
h

 (3) 

where h – transverse sizes of bend extinction contour.  
Further, value of excessive density of disloca-

tions  =  +  (  and  – density of positively 
and negatively charged dislocations corresponding-
ly) is estimated [21, 37]: 

1 .
b

 (4) 

Value of long-range fields of internal stresses is 
estimated on the basis of the relation [19]:  

1( )

0.017 ,

Ch Gb Gb
b

bG
h

 (5) 

where  = 1 – Strunin coefficient [38], h – average 
transverse sizes of bend extinction contour. 

Investigations carried out in this research 
showed that average transverse sizes of contours 
decreased with the growth of degree of deformation 
of steel (Fig. 10, b). Following the expression (5) 
value of long-range fields of internal stresses will 
increase (Fig. 12, a).  

Bainite steel is characterized by the presence of 
cementite particles in the structure. The particles are 
obstacles to motion of dislocations and lead to hard-
ening of the material. Owing to it yield point of the 
material y increases by value P  

0  (6) 

Estimates of steel hardening under deformation 
taking into account the presence of cementite parti-
cles should be carried out using relations obtained 
for in-coherent precipitations [39]: 

ln ,
42

mmG b D
bD

 (7) 

where  – average distance between particles, D – 
average size of particles, m – orientation factor be-
ing equal to 2.75 [40] for bcc lattice of materials, 

 =1 for  screw and  = (1– )–1 for edge disloca-
tions,  – parameter considering the nonuniformi-
ty of distribution of particles in matrix being equal 
to 0.81...0.85 [39]. 

In Fig. 12, b the relation of value of contribution 
to flow stress of cementite particles on degree of 
steel deformation with bainite structure is illustrat-
ed. It is clearly seen that the value of the contribu-
tion varies in a complex way within ranges 210 to 
260 MPa. It can be caused by process of dissolution 
and repeat precipitation of cementite particles under 
deformation of steel. 

 
 

Fig. 12. Dependence of contribution into the flow stress from long-range fields of internal stresses (h) ( ), 
cementite particles (b) and solid-solution hardening ) (c) on deformation degree 
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Presence  of  carbon  atoms  in  steel  and  their  
penetration into crystal lattice leads to its asymmet-
ric distortion assisting the appreciable hardening of 
the material. 

Hardening of steel in the formation of solid in-
terstitial solutions is usually determined by the main 
factors: first, disagreement of sizes of atoms of im-
purity and matrix, second, disagreement of elastic 
modulus of impurity atoms and matrix. According 
to Fleischer and Hibbard [41, 42] hardening caused 
by dimensional and elastic disagreement can be cal-
culated from the relation:   

3/2 ,
n

r s
cG
m

 (8)  

where  =760, 0s G a  – parameter of dis-
agreement, 0 = 3 for edge and 0 =16 for screw dis-
locations, n = 1/2. In researches [41, 42] it is shown 
that exponent n can be equal to 1, 1/2, 1/3, 0.3. 

The equation (8) is inconvenient for calculating 
the hardening of solid solution of complex-alloy 
steels therefore when proposing the additivity of 
contributions to hardening of separate alloying ele-
ments the approximate empirical formula of the fol-
lowing type [10, 29] are used: 

1
,

m

r i i
i

k c  (9)  

where ki – coefficient of hardening of ferrite being 
the increment of yield point at dissolution of 1 
weight % of i element in it, ci – concentration of i 
element dissolved in ferrite, weight %. Values of ki 
coefficient for different elements are determined 
experimentally [10, 43, 44]. 

The decrease in sizes of cementite particles at 
great degrees of deformation may be indicative of 
their dissolution and escape of carbon atoms to de-
fects of steel crystal lattice (dislocations, subbound-
aries and boundaries) and into solid solution based 
on -phase.  

Carbon enrichment of -phase of crystal lattice 
facilitates steel hardening whose value was estimat-
ed  by  the  expression  (9).  The  results  presented  in  
Fig. 12, c testify  that  with  the  increase  in  degree  of  
steel deformation the value of the given contribution 
increases varying within 490 to 740 MPa, caused by 
dissolution of cementite particles, penetration of a 
part of carbon atoms into iron crystal lattice and 
precipitation on dislocations. 

Comparison of values of contribution to work 
hardening of hardened steel is shown in Fig. 13. It is 
clearly seen that the greatest contribution to steel 

hardening is made by solid solution hardening 
(curve 2), internal stress fields (curve 3) and sub-
structural hardening (hardening with intraphase 
boundaries) (curve 1) at the final stage of deform-
ing. A comparatively small hardening is shown by 
dislocation substructure  (curve 4) and particles of 
carbide phase (curve5).  
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Fig. 13. Dependence of the contribution into  
the flow stress from intraphase boundaries (1),  

solid-solution hardening (2), internal stress fields (3), 
dislocation substructure (4) and cementite particles 

(5) on deformation degree of steel  
with a bainite structure 

Hence, value of steel work hardening is deter-
mined by the availability of a number of mecha-
nisms: friction of matrix lattice, presence of disloca-
tion substructure, particles of carbide phases, intra-
phase boundaries, carbon atoms and alloying ele-
ments dissolved in crystal lattice. It is supposed that 
total yield point of steel may be represented in terms 
of linear sum of contribution of separate mecha-
nisms of hardening [10, 44–46]: 

0

,

L

h p C
 (10) 

where 0 – contribution caused by friction of ma-
trix lattice, (L) – contribution caused by intra-
phase boundaries, ( ) – contribution caused by 
dislocation substructure, (h) – contribution 
caused by long-range fields of stress, (p) – con-
tribution caused by the presence of particles of car-
bide phases, ) – contribution caused by atoms 
of alloying elements. As seen from the equation 
(10), principle of additivity suggests the independ-
ent action of each of the mechanism of hardening on 
yield point of the material.  

The curves of deformation hardening of steel 
with bainite structure calculated by the results of 
estimates of hardening mechanisms (curve 1) and 
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revealed in the experiment (curve 2) are shown in 
Fig. 14. It is clearly seen that relation -  obtained in 
analysis of mechanisms of steel hardening (curve 1) 
at degrees of deformation increasing 15% exceeds 
the values revealed in experiment (curve 2). With 
the growth of degree of deformation the disagree-
ment of experimentally obtained and theoretically 
calculated curves of work hardening increases. 
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Fig. 14. Curves of steel strain hardening,  
calculated on the estimation results of the hardening 

mechanisms (curve 1) and the revealed  
one during the experiment (curve 2) 

Electron microscopy investigations of steel with 
bainite structure carried out in the research revealed 
the presence of process of deformation microtwin-
ning. A characteristic image of structure of de-
formed steel with microtwins is shown in Fig. 8. At 
degrees of deformation  = 5% and 10% the defor-
mation twinning of steel is weakly expressed 
(Fig. 7, b). At greater values of  the volume fraction 
of the material covered by deformation microtwin-
ning increases substantially. Hence, on the basis of 
the  results  obtained  in  researches  [47,  48]  the  as-
sumption can be made that the revealed discrepan-
cies of the experimentally obtained and theoretically 
calculated curves of steel work hardening, that are 
the most considerable at great degrees of defor-
mation, are caused by the inclusion of microtwin-
ning into the process of steel deformation. 

By the present time the fundamental statement 
has been established that plastic deformation always 
develops nonuniformly and susceptible to localiza-
tion not only at microscopic (dislocation) level but 
at meso- and macrolevels as well [49]. 

At degrees of deformation 36% and greater the 
formation of regions of deformation localization 
placed along interfaces of adjacent plates of bainite 
or grain boundaries is observed. Their structure is 
similar to structure of channels observed under 
drawing deformation of steel 08Mn2Si and com-

pression deformation of hardened steel 
38Cr3Ni3MoV [19, 50–52] (Fig. 15, ).  

Regions of deformation localization in dark field 
images in matrix reflexes have a tabby contrast. Mi-
croelectron diffraction patterns obtained from these 
regions as a rule have a quasi-ring structure 
(Fig. 15, b) indicating to the small (50–100 nm) size 
of crystallites forming them and predominantly wide 
angular disorientation of crystallites. Channel of 
deformation has a layer structure resembling the 
structure of martensite packet. Regions of defor-
mation localization extend to tens of microns in 
length and reach 0.5 m in diameter. With growth of 
degree of deformation the average sizes of defor-
mation channels increase. 

Judging from the structure of microelectron dif-
fraction pattern shown in Fig. 15, b the particles of 
the second phase are present in the volume of de-
formation channel. Reflexes from the particle of the 
second phase are highly distorted both in radial and 
azimuthal directions. This circumstance can be 
caused by both distortion of crystal lattice of parti-
cles and their small sizes [20, 21]. Microelectron 
diffraction pattern obtained from regions of foil ad-
jacent to the channel are point ones being character-
istic of polycrystalline material. With the growth of 
degree of deformation the volume of material occu-
pied by channels of deformation increases reaching 
several percents at the moment of steel failure. 

In deformation channel the substructure is also 
fragmented one, however sizes of fragments are far 
less than in the main volume of the material. In addi-
tion, fragments in deformation channel are isotropic in 
shape. Judged from the size of fragments it should be 
believed that a shear exceeding several-fold the aver-
age one is localized in deformation channel. 

The next feature of deformation channel structure 
is connected with the behavior of extinction contours 
in them. It should be noted that bend extinction con-
tours mark the regions with the same orientation of 
concrete planes of reflection relative to falling beam of 
electrons [20, 21]. It is established that both in defor-
mation channel and in regions adjacent to it the por-
tions of same orientation or close to it and extended 
approximately parallel to the long side of channel are 
present. In the context of hydrodynamics the portions 
such as these are analogous to lines of flow in laminar 
flow [19, 50–52]. Since under compression a consider-
able number of portions with turbulent flow come into 
being as  a  rule  a  comparison such as  this  may throw 
light on nature of deformation channels. Namely, the 
conditions of deformation in them are such that work 
of deformation appears to be lower than in adjacent 
portions. It may be suggested that local heating of the 
material plays the main part here [19, 50–52].  
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Fig. 15. Channels of deformation being formed  
in steel 30Cr2Ni2MoV with bainite structure, =43%;  
a – light field; b – microelectron diffraction pattern. 

The channel of deformation  
is designated with arrows in (a) 

One more feature of deformation channels is 
considerable fields of stress localized inside them 
and in regions adjacent to them. In [19, 50–52] 
two mechanisms of relaxation of these stress 
fields are noted. First, it is done by fragmentation. 
In this case the chains of fragments of small sizes 
and close orientation located along the defor-
mation channel are formed. Second, it is done by 
extension of microcracks. A comparative analysis 
of structure of deformation channels of bainite 
steel 30Cr2Ni2MoV and steels 08Mn2Si and 
38Cr3Ni3MoV [19, 50–52] is indicative of unified 
nature of their formation.  

4. Conclusion 

The investigations of structure, phase composi-
tion and defective substructure of steel with bainite 
structure subjected to plastic deformation were car-
ried out. The quantitative analysis of parameters of 
steel structure that made it possible to follow the re-
distribution of carbon atoms in steel structure under 
plastic deformation was performed. It was established 
that with growth of degree of deformation the quanti-
ty of carbon atoms located in solid solution based on 

-iron and defects of crystal lattice as well as cement-
ite particles lying on intraphase boundaries increased; 
the quantity of carbon atoms forming cementite parti-
cles lying in volume of bainite plates and those locat-
ed in solid solution based on -iron decreased. 

It was shown that carbide transformations in bain-
ite structure ran in frames of two competitive process-

es – dissolution of cementite particles having been 
formed in the process of bainite transformation in vol-
ume of ferrite plates, and precipitation of cementite 
particles on the elements of dislocation substructure in 
the process of “deformation ageing”. Simultaneously 
with it the additional transformation of retained austen-
ite initiated by steel deforming was observed. 

It was shown that plastic deformation by uniaxi-
al compression of steel 30Cr2Ni2MoV with bainite 
structure is accompanied by: first, increase in scalar 
density of dislocations and volume of material con-
taining deformation microtwins, second, decrease in 
average transverse sizes of fragments and increase 
in degree of their disorientation, third, increase in 
quantity of stress concentrators and curvature-
torsion amplitude of crystal lattice of the material. 
The  stages  of  changes  of  steel  structure  parameters  
were revealed. The proposal was made about the 
changing in steel deformation mechanism: at the 
first stage of loading (0% < < 18%) deformation 
was done predominantly by motion of dislocations; 
at the second stage (18% < < 36%) – it was done by 
motion of dislocations and twinning. 

It was shown that steel hardening had a multifac-
tor character. The estimates of mechanisms of hard-
ening by boundaries of bainite plates and fragments, 
scalar density of dislocations, long-range stress fields, 
cementite particles, and interstitial atoms were carried 
out. The largest contribution to the value of work 
hardening of steel under study was made by substruc-
tural hardening (hardening caused by long-range in-
ternal fields of stresses and fragmentation of struc-
ture) and solid solution hardening caused by penetra-
tion of carbon atoms into crystal lattice of ferrite. 

At degree of deformation  >36% the formation 
of channels of localized deformation – particular 
structural states of material being localized along the 
interfaces of adjacent plates of bainite or grain 
boundaries was revealed. 

The research was done supported by the grant of 
the Russian Scientific Fund (project 15-12-00010). 
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