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Abstract—Martensite and bainite formed in steel on heat treatment are very complex structures, resisting
quantitative analysis. Often such steels are used at high static and dynamic compressive stress. Thorough anal-
ysis of their structure after various types of treatment permits their effective use in manufacturing so as to
ensure the required physicomechanical properties of the product. The properties of such materials are deter-
mined by the solid-solution structure; the presence of secondary-phase nanoparticles; dislocational sub-
structure; the type and position of different types of boundaries; and internal stress fields. Successful control
of structure and phase formation and hence of the mechanical properties of the material depends on a quan-
titative grasp of strain hardening of steels of different structural classes on active plastic deformation. In the
present work, transmission diffractional electron microscopy is used to analyze the strain hardening of
38 KhIN13MFA steel with martensitic structure and 30Kh2N2MFA steel with bainitic structure in active plas-
tic deformation (compression) by up to 26 and 36%, respectively. The contributions of strain hardening asso-
ciated with intraphase boundaries, dislocational substructure, carbide phases, atoms of alloying elements,
and long-range stress fields are considered. The main contributors to the strain hardening of quenched
38 KhN13MFA steel are substructural hardening associated with internal long-range stress fields; and solid-
solution strengthening associated with carbon atoms. For normalized 30Kh2N2MFA steel, the strain hard-
ening may again be attributed to internal stress fields, the introduction of carbon atoms in the ferrite lattice,
and also structural fragmentation when the strain exceeds 26%. The dislocational substructure and carbide
particles make relatively small contributions to the hardening of such steels. The loss of strength of bainitic

steel at deformation exceeding 15% is due to activation of deformational microtwinning.
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INTRODUCTION

In the past decade, research interest in quantitative
assessment of steels’ physical properties had grown.
Analysis of microstructures provides considerable
information regarding the mechanical properties of
steels [1—5]. Attention has focused, in particular, on
steel strength, which may in many cases be predicted
with sufficient reliability from the known alloy com-
position and microstructure [1, 5].

Strengthening is often studied on physical models.
Empirical or semiempirical assumptions are used in
some cases, especially when we need to describe the
properties of complex microstructures formed in the
steel (martensite or bainite).

Research has shown that martensitic or bainitic
structure is responsible for the excellent physicome-
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chanical properties of structural steels, which are
widely used in industry [6—8].

We must understand the strengthening process if
we are to make successful use of the steels’ strength
and to obtain an optimal set of properties. In addition,
we need to know the key factors that control the
strengthening process and their influence on many
other properties, especially the ductility and plasticity.

In the present work, we analyze the strengthening
of steels with bainitic and martensitic structures at dif-
ferent stages of plastic deformation.

EXPERIMENTAL MATERIALS
AND METHODS

We investigate 38KhIN13MFA and 30Kh2N2MFA
structural steels [9]. After austenitization at 960°C for
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Fig. 1. Electron-microscope images of the structure in 38KhIN13MFA steel (a) and 30Kh2N2MFA steel (b) prior to deformation.
The arrows indicate cementite particles in packet martensite crystals.

1.5 h, 38KhIN13MFA steel is cooled in water, while
and 30Kh2N2MFA steel is cooled in air. Steel samples
(4 X 4 X 6 mm columns) with bainitic and martensitic
structures are deformed at room temperature by uni-
axial compression, with different strain €, at a rate of
7 x 1073 s~ on an Instron-1185 test machine; the load
and elongation are recorded automatically. The struc-
ture and phase composition of the steel are investi-
gated by the transmission diffractional electron
microscopy of thin foil [10—12]. The determination of
the structural parameters from the electron-micro-
scope images was described in detail in [13—16].

RESULTS AND DISCUSSION

We conclude from the electron-microscope images
that, after heat treatment, packet (rack) martensite is
formed by shear Yy — o transformation in
38KhN13MFA steel (Fig. 1a); analogously lower-
bainitic structure is formed in 30Kh2N2MFA steel
(Fig. 1b). The racks include cementite particles (larger
in 30Kh2N2MFA steel with bainitic structure) and
dislocational substructure of grid type. The scalar
density of the dislocations is about 1 x 10! cm~2 in
38KhN13MFA steel, as against ~0.7 x 10" cm™ in
30Kh2N2MEFA steel. The structure and phase compo-
sition of the steel and the parameters characterizing
the behavior of the structure on deformation were
described in more detail in [17—20].

The contributions of slowing of the dislocations on
cementite particles, scaffold dislocations, and intrap-
hase boundaries and also by interaction with internal
stress fields may be estimated on the basis of the struc-
tural data in [17—20]. The contributions of different
processes to the strengthening and total strength of the
steels are estimated at different stages of strain harden-
ing. That permits analysis of the evolution of the
strengthening processes and the steel strength as a
function of the strain. In the initial state, the crystals of

martensite and lower bainite are fragmented. In other
words, they are divided into regions with small-angle
disorientation. Research shows that the longitudinal
dimensions of the fragments in the martensite crystals
are considerably greater than in crystals of lower bain-
ite. Deformation of the steel is associated with
decrease in longitudinal dimensions of the fragments
as a result of the appearance of subboundaries. This
process is more intense in martensite crystals. In
30Kh2N2MFA steel with € > 26%, the decrease in
mean fragment size practically stops. We may assume
that the fragment size reaches some critical value
(about 200 nm).

The strengthening of steel by small-angle boundar-
ies (substructural strengthening, strengthening by
plate and fragment boundaries) may be estimated on
the basis of Hall—Petch equation [21]

o(L)=0,+kL™, €))

where m = 1 or 1/2; L is the effective size of the ferrite
plates and fragments and is determined by the effective
slip-plane length in the bainite or martensite plate.

When m = 1, we find that k varies from 0.015 to
0.010 kgf/mm; when m = 1/2, k varies from 0.20 to
0.98 kgf/mm?? [22, 23].

In the calculations, we use the following parameter
values: k = 0.015; m = 1. We assume that L is the mean
longitudinal dimension of the fragments. The first
term 7y, in Eq. (1) is the frictional stress of the lattice—
that is, the stress required for motion of the disloca-
tions in pure single crystals (for example, the Peierls
force for pure metals). For steels, we usually assume
that 6, = 30—40 MPa [13].

Table 1 presents the contribution of internal
boundaries (boundaries of grains, packets, martensite
crystals, and fragments) to the strain hardening of
steels with martensitic and bainitic structure, as a
function of the strain. It is evident that, with increase
STEEL IN TRANSLATION  Vol. 48
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Table 1. Contributions to the yield point for martensitic and bainitic steel with different strain

Contribution to stress, MPa, for different € (%)
Factor martensitic steel bainitic steel

0 10 26 0 10 26 36
Ac(L): contribution of inter- 440 450 480 300 320 600 800
phase boundaries
AcG(p): contribution of disloca- 290 340 360 275 320 350 360
tional substructure
Ac(h): contribution of long- 280 700 900 425 554 660 733
range stress fields
Ac(cp): contribution of carbide 200 300 280 260 220 250 210
particles
Ac(C): contribution of atoms of 660 790 800 490 570 630 740
alloying elements

in strain, the strengthening by fragment boundaries
increases. That increase is more intense for bainitic
structure, as a result of decrease in mean size of the
fragments.

Plastic deformation of the steels increases the sca-
lar dislocation density to 1.3 x 10" cm~2. The type of
dislocational substructure is unchanged.

The stress required to maintain the plastic defor-
mation—that is, the yield point 6—is related to the
dislocation density as follows [1, 2, 23]

6 =0, + k\p,

Here 6, is the yield point due to nondislocational
factors (other strengthening mechanisms); p is the
mean (scalar) dislocation density; k = maGb; m is the
Schmid orientational factor; o, characterizes the inter-
action between dislocations (o0 = 0.1—0.51 [24]); G is
the shear modulus (G = 80 GPa); and b is the Burgers
vector of the dislocation (b = 0.25 nm).

For steels, taking account of the orientational fac-
tor m, we usually assume that mo, = 0.5.

With increase in €, the contribution of the scalar
dislocation density to the strain hardening increases in
proportion to the increase in scalar dislocation den-
sity; specifically, it increases from 275—290 MPa to
360 MPa (Table 1).

Long-range stress fields due to the defects in the
steel make an important contribution to the attain-
ment of the yield point, the strain hardening, and the
failure of crystalline materials [2, 25—27].

The magnitude of the long-range stress fields is
estimated on the basis of the formula [22]

6 (h) = 0,.Gb\Jp, = 0,.Gb

2
_ [190 _, ; [0:0178 )
bor h

where o, = 1 is the Strunin coefficient [28]; and 4 is
the mean transverse dimension of the flexural extinc-
tion contour.
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The mean transverse dimensions of the contours
decrease with increase in the strain of the steel,
according to the research in [17—20]. According to
Eq. (2), the long-range internal stress fields will
increase. This may be attributed to the increase in cur-
vature and torsion of the steels’ crystal lattice on
account of the incompatible deformation of the mar-
tensite and bainite crystals and the carbide grains and
particles. This contribution increases considerably in
the range 280—900 M Pa for martensitic steel and 425—
733 MPa for bainitic steel.

As already noted, the steel before deformation
includes iron-carbide (cementite) plates (needles).
The evolution of the carbide phase on plastic deforma-
tion was considered in detail in [18, 19]. The particles
obstruct the motion of dislocations, with consequent
increase in strength of the steel. The strengthening
depends significantly on whether the particles in the
material are coherent or incoherent. The dimension
D, is critical for particle intersection [29]

_ 46,0
0.3315,G,

cr

Here G, is the shear modulus of the particle; b, is
the Burgers vector of the dislocations moving in the
particle.

For most particles present in steel, D, < 5 nm.
Large particles are not intersected by moving disloca-
tions.

In the initial steels, the dimensions of the cementite
particles before deformation exceed D,,, according to
the research in [17—20]. Hence, if we take account of
the presence of cementite particles, the strengthening
of the steels on deformation may be estimated from the
relation derived for incoherent deposits in [30]

mGub_ g 1n (|7‘ = D').

O = o -0) s |
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Fig. 2. Theoretical (1, 3) and experimental (2) strain-hard-
ening curves of 38KhNI3MFA steel (a) and
30Kh2N2MFA steel (b): (—) linear summation of contri-
butions to the strain hardening; (---) quadratic summation
of two comparable contributions (long-range stress fields
and solid-solution strengthening ).

Here A is the mean distance between the particles;
D is the mean particle size; m is an orientational factor
(m = 2.75 for bcc materials [31]); @ = 1 for helical dis-
locations and ® = (1 — v)~! for edge dislocations; the
parameter M takes account of the nonuniform distri-
bution of particles in the matrix (M = 0.81—0.85) [30].

On the basis of Table 1, we may conclude that this
contribution increases from 200 to 300 MPa with
increase in the strain of 38KhN13MFA steel to 10%.
With further increase in €, the contribution of cemen-
tite particles to the strengthening declines, since they
dissolve. For 30Kh2N2MFA steel, this contribution
varies in a complex manner between 260 and 210 MPa.
That may be due to solution and repeated deposition
of the cementite particles on deformation.

As a result of the presence of carbon atoms in the
steels and their introduction in the crystal lattice, it is
asymmetrically distorted. That facilitates significant
strengthening of the material. On the assumption that
the contributions of individual alloying elements to the
strengthening may be added, approximate empirical
formulas of the following type are usually employed in
calculating the solid-solution strengthening of com-
plex alloy steels [1, 13]

o, = ;(k,.c,.). (3)
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Here k; is the strengthening coefficient of ferrite,
expressed as the increment in the yield point when
1 wt % of alloying element i is dissolved; and c; is the
concentration of element / dissolved in the ferrite,
wt %. The value of k; for different elements is deter-
mined experimentally [1, 13].

For quenched 38KhIN13MFA steel, the contribu-
tion to the yield point associated with the presence of
interstitial atoms (carbon) and substitutional atoms
(nickel, chromium, molybdenum, and vanadium)
according to Eq. (3) increases within the range 660—
800 MPa with increase in €; for 30Kh2N2MFA steel,
this contribution increases from 490 to 740 MPa
(Table 1). That may be attributed to the solution of
cementite particles, the introduction of some of car-
bon atoms in the iron lattice, and deposition on dislo-
cations.

If we compare the contributions to the strain hard-
ening of the steels (Table 1), we find that the long-
range stress fields and solid-solution strengthening
make the greatest contribution to the strengthening for
the martensitic steel. The contribution of the long-
range stress fields increases with increase in €, while
the contribution of long-range stress fields increases
sharply in the initial stages of deformation and then
saturates at € = 10%. The other contributions hardly
change with increase in € and are much smaller than
the other two. For the bainitic steel, long-range stress
fields and solid-solution strengthening make about the
same contribution to the strengthening; in the final
stage (when €& > 26%), substructural hardening
(strengthening of the intraphase boundaries) plays an
equal role.

The overall yield point of the steel may be
expressed as the linear sum of the contributions of the
individual strengthening mechanisms [1, 13, 32, 33]

0 =Ac, +Ac(L) + Ac(p)
+ Ac(h) + Ac(cp) + Ao (C),

where Ag, is the contribution associated with friction
of the matrix lattice; AG(L) is the contribution of
interphase boundaries; Ac(p) is the contribution of
dislocational substructure; Ac(#4) is the contribution
of long-range stress fields; Ac(cp) is the contribution
of carbide particles; and Ac(C) is the contribution of
atoms of the alloying elements.

Addition of the contributions assumes that each
process acts independently on the yield point of the
material.

In Fig. 2, we show calculated (/, 3) and experimen-
tal 2) strain-hardening curves for martensitic and
bainitic steels. We see that the o— € curves / calculated
additively are significantly higher than the experimen-
tal curves 2 when € > 15%. With increase in €, the dis-
crepancy increases.

We may assume that this discrepancy for bainitic
steel, which is most significant at large €, is due to the
STEEL IN TRANSLATION  Vol. 48
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role of microtwinning in the deformation of steel, as
established in [34]. When € = 5 and 10%, there is little
deformational twinning of the steel, according to
[19, 20]. With increase in €, deformational twinning
extends over a significantly greater volume of material.
Therefore, we may conclude that muicrotwinning is
responsible for orientational weakening of the steel
and facilitates slip of the dislocations.

For steel with martensitic structure, the strain-
hardening curve is also calculated by quadratic sum-
mation of two comparable contributions (AG, = AG,),
as proposed in [1, 3, 35]

0 = AG; + Ao

We see that, with linear summation of the contri-
butions (Fig. 2a, curve 1), the discrepancy between the
calculated and experimental curves is as much as
700 MPa. With quadratic summation of the contribu-
tions of long-range stress fields and solid-solution
strengthening (Fig. 2a, curve 3), the calculated and
experimental curves are in qualitative agreement; the
discrepancy is no greater than 150 MPa.

CONCLUSIONS

Quantitative analysis of the structure of steel with
martensitic and bainitic structure subjected to uniaxial
compressive deformation permits assessment of the
various contributions to strain hardening. Analysis of
the strain hardening of steels shows that many factors
are responsible.

The greatest contributors to strain hardening are
long-range internal stress fields and solid-solution
strengthening due to the introduction of carbon atoms
in the ferrite lattice. For bainitic steel, at large strain,
the contribution of intraphase boundaries increases.
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