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Abstract—Recent years have been marked by considerable increase in the use of high-strength steel—espe-
cially martensitic and bainitic steel—for the manufacture of key industrial components and structures. The
high strength depends on strain hardening of the steel. It is important to understand the strain hardening of
steel of different structural classes with active plastic deformation, in order to ensure specified structural and
phase states and mechanical properties. In the present work, by transmission electron-diffraction micros-
copy, the evolution of the structure, the phase composition, and the state of the defect substructure is com-
pared for steel samples with martensite and bainite structure in active plastic deformation to failure. After aus-
tenitization at 950°C (1.5 h) and subsequent quenching in oil (for 38KhN3MFA steel) and cooling in air (for
30Kh2N2MFA steel), multiphase structure (o phase, ¥ phase, and cementite) based on packet martensite
(38KhN3MFA steel) and lower bainite (30Kh2N2MFA steel) is formed. Quantitative results for the struc-
tural parameters of steel in plastic deformation permit analysis of the distribution of the carbon atoms in the
structure of the deformed steel. The points of localization of carbon atoms in the martensite (quenched
38KhN3MFA steel) and bainite (air-cooled 30Kh2N2MFA steel) are identified. Deformation of the steel is
found to be accompanied by the destruction of cementite particles. For quenched martensitic steel, the total
quantity of carbon atoms in the solid solution based on o and 7y iron is reduced, while their content at struc-
tural defects is increased. The redistribution of carbon atoms in the bainitic steel with increase in the strain
involves the increase in the quantity of carbon atoms in the o iron, defects in the crystalline structure, and
cementite at the intraphase boundaries; and the decrease in the content of carbon atoms in the cementite par-
ticles within the bainite plates and the vy iron.
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The redistribution of carbon and alloying elements
in plastic deformation helps to determine the structure
and phase states of steel. The carbon in steel may be
present in a solid solution based on o or 7y iron, at dis-
locations, at phase boundaries and intraphase bound-
aries, and in carbide particles, as shown in [1—7]. The
quantity of carbon in the o and ysolid solutions is usu-
ally estimated in terms of the relative change in the lat-
tice parameter [§—10]. The quantity of carbon in car-
bide particles is estimated on the basis of the chemical
composition of the carbide, the type of crystal lattice,
and the volume content of carbide particles in the steel
[11]. The quantity of carbon at defects is very difficult

to estimate, and practically no direct experimental
data are available [2, 7].

Martensite and bainite are the most complex struc-
tures formed in steel on heat treatment; their quantita-
tive interpretation is correspondingly difficult. Quan-
titative knowledge regarding the formation and evolu-
tion of the carbon distribution in martensite and
bainite permits the regulation of the structural and
phase states and defect substructure of the steel and
ultimate control of its mechanical properties.

In the present work, we analyze the redistribution
of carbon atoms in the structures of martensitic and
bainitic steel on deformation.
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Fig. 1. Transmission electron-microscope image of packet martensite in 38KhN3MFA steel (a) and lower bainite in

30Kh2N2MFA steel (b).

We investigate 38KhN3MFA and 30Kh2N2MFA
structural steel [12]. The steel is austenitized at 950°C
for 1.5 h. Then 38KhN3MFA steel is quenched in oil
to martensite; and 30Kh2N2MFA steel is cooled in air
to form bainite structure. The steel is deformed at an
Instron-1185 test machine by uniaxial compression of
4 X 4 x 6 mm pegs at a rate of about 7 x 10~3s~!. The
structure and phase composition of the steel are deter-
mined by electron-diffraction microscopy of thin foil
[13, 14].

Martensitic and bainitic transformations in the
steel give rise to a multiphase structure, with the fol-
lowing main components: o phase (a solid solution
based on a bec lattice); yphase (residual austenite with
a solid solution based on an fcc lattice); and iron car-
bide (cementite in low- and moderate-carbon steel)
[15—17].

After heat treatment, we note primarily packet
martensite in 38KhN3MFA steel [17, 18]; and lower
bainite in 30Kh2N2MFA steel (Fig. 1) [19, 20].

Previous electron-microscopic research revealed
the behavior of the steel’s structure and phase compo-
sition [17—20]. In 38KhIN3MFA steel, the longitudi-
nal dimensions of the martensite fragments are

decreased with increase in the strain. In addition, we
note increase in the density of microtwins, the scalar
and excess dislocation density, the linear density of
flexural extinction contours, and the amplitude of the
long-range stress fields. The phase composition of the
quenched 38KhN3MFA steel changes in the course of
deformation on account of conversion of the residual
austenite.

In 30Kh2N2MFA steel, likewise, the longitudinal
dimensions of the martensite fragments are decreased
with increase in the strain. We again note increase in
the density of microtwins, the scalar and excess dislo-
cation density, the linear density of flexural extinction
contours, and the amplitude of the internal long-range
stress fields. These processes result in the formation of
regions with critical substructure inclined to microc-
rack formation, with subsequent sample failure.

Carbon may occupy the following positions in the
steel, as established in [19, 20]: in carbide particles, in
a solid solution based on o or 7y iron, or at structural
defects (dislocations, subboundaries, phase boundar-
ies, and intraphase boundaries). The quantity of car-
bon in each location may be estimated by means of the
following formulas:

Position of carbon Approximate formula Source

0

Solid solution based on o iron ACy = AV, = 9o ~da (3 [8]
39+4
0

Solid solution based on Y iron AC, = AV, = G AT [10]

44
Carbide particles ACe, = AVeaks [11]
k(FC3C) =0.07
Structural defects ACy, = Cy —(ACy + AC, +AC,,) [12]

Here AV, AVy, and AV, denote the volume fractions of o. and y iron and carbides, respectively; a, and ay denote the lattice parameters

of the e and 7y phases; ag =(.28668 nm; ag = 0.3555 nm; and ¢ is the mean carbon content in the steel.
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Fig. 2. Influence of the strain € on the concentration of
carbon atoms in the structure of quenched (martensitic)
38KhN3MFA steel (a) and 30Kh2N2MFA steel (b) with
bainite structure: (/) in the o iron lattice; (2) in Fe;C par-
ticles at intraphase boundaries; (3) at structural defects;
(4) in Fe;C particles within martensite packets and bainite
plates; (5) in the yiron lattice.

Note that the quantity of carbon concentrated in
the crystal lattice of cementite is estimated on the
assumption of a stoichiometric composition of the
phase. In Fig. 2, we present estimates of the quantity
of carbon concentrated in different positions of the
steel structure.

The deformation of quenched 38 KhN3MFA steel
is accompanied by the solution (disintegration) of
cementite particles [18]. With increase in the strain €,
the total quantity of carbon atoms in the solid solu-
tions based on o and yiron declines, while the quantity
of carbon atoms at structural defects increases. The
transfer of carbon atoms to defects is especially vigor-
ous when € >0.2.

The results show that, with increase in the strain of
bainitic steel, we note larger quantities of carbon
atoms in the solid solution based on o iron (Fig. 2b,
curve 1), in carbide particles at intraphase boundaries
(Fig. 2b, curve 2), and at lattice defects (Fig. 2b, curve 3).
We note smaller quantities of carbon atoms in cemen-
tite particles within the bainite plates (Fig. 2b, curve 4)
and in the solid solution based on yiron (Fig. 2b, curve 5).
Thus, the plastic deformation of bainitic steel is asso-
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ciated with significant redistribution of the carbon
atoms. Whereas most of the carbon atoms are concen-
trated in the cementite particles initially, most of the
carbon atoms are in the crystal lattice based on o iron
in the final stage of deformation.

CONCLUSIONS

The deformation of martensitic steel is accompa-
nied by the destruction of cementite particles. The
carbon atoms released pass to the solid solution based
on a iron and to structural defects of the steel.

In bainitic steel, increase in the strain is associated
with increase in the quantity of carbon atoms in the
o iron, defects in the crystalline structure, and cemen-
tite particles at the intraphase boundaries; and
decrease in the content of carbon atoms in the cemen-
tite particles within the bainite plates and in the solid
solution based on vy iron.
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