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Abstract The paper presents the results of a study on the
microstructure and mechanical properties of a medium-
carbon steel (0.45 % C) processed by severe plastic
deformation (SPD) via high-pressure torsion (HPT).
Martensite quenching was first applied to the material, and
then HPT processing was conducted at a temperature of
350 °C. As a result, a nanocomposite type microstructure is
formed: an ultrafine-grained (UFG) ferrite matrix with fine
cementite particles located predominantly at the boundaries
of ferrite grains. The processed steel is characterized by a
high-strength state, with an ultimate tensile strength over
2500 MPa. Special attention is given to analysis of the
thermal stability of the microstructure and properties of the
steel after HPT processing in comparison with quenching.
It is shown that the thermal stability of the UFG structure
produced by HPT is visibly higher than that of quenching-
induced martensite. The origin of the enhanced strength
and thermal stability of the UFG steel is discussed.

Introduction

Carbon steels belong to basic materials for modern mate-
rials science and engineering. This is associated with the
fundamental nature of the studies of steels, as well as with
their very wide practical application [1, 2]. It is no wonder
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that enhancement of the strength of steels remains one of
the most topical problems in metallurgical engineering.

Quenching is the traditional method for strengthening of
carbon steels. A martensite phase—a supersaturated solid
solution of carbon in o-Fe, forms after quenching. The
martensite is characterized by very high hardness, but has
two considerable drawbacks: (1) extremely low tensile
ductility (almost equal to zero) of steel with a martensite
structure; (2) low thermal stability—decomposition of the
supersaturated solid solution of martensite into a ferrite-
cementite mixture during heating starts quickly and leads
to a rapid decline in hardness and strength already after
heating to 250 °C. In this connection, the problem of
enhancement of the strength and ductility as well as ther-
mal stability of low and medium alloyed carbon steels calls
for new solutions.

Recently a lot of attention has been paid to the studies
and developments of ultrafine-grained (UFG) metals and
alloys, produced by the techniques of severe plastic
deformation (SPD) [3-7]. Such UFG materials often
demonstrate a unique set of mechanical properties, in
particular high strength combined with a reasonable duc-
tility [8, 9]. The yield strength of such alloys may exhibit a
significant positive deviation from the values correspond-
ing to the Hall-Petch relationship [4, 9]. The reason for
such a deviation is the complexity of microstructures from
SPD processing, which is especially typical of multiphase
materials. For instance, during SPD processing of carbon
steels, in addition to grain refinement, dissolution of
cementite particles has been discovered [10, 11], as well as
formation of segregations of carbon and cementite particles
at the boundaries of nanocrystalline grains formed through
deformation [12-16]. This provides an opportunity to
realize a set of strengthening mechanisms in UFG carbon
steels; in particular, in addition to the grain boundary
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strengthening mechanism, also the dislocation strengthen-
ing, precipitate strengthening and solid solution strength-
ening mechanisms [12, 15], as well as the new
strengthening mechanism associated with solute segrega-
tion at grain boundaries [15, 16], make their contributions.
Such a superposition of the strengthening mechanisms
allows to enhance considerably the strength of carbon
steels [12, 17-20].

It has been shown recently that the use of the initial
martensite structure of low-carbon steels allows to obtain a
UFG structure at lower plastic strains than during defor-
mation of an initial ferrite-pearlite microstructure [21-23].

In the present work, this approach was used during the
processing of a medium-carbon steel at an elevated tem-
perature in order to produce a two-phase UFG structure
with enhanced strength, ductility, and thermal stability.

Experimental

Commercial medium-carbon steel C45 (DIN C45) (0.45 %
C; 0.27 % Si; 0.65 % Mn) of a Russian manufacturer was
used in this study. Before SPD processing the samples were
water-quenched with preliminary heating at 800 °C for 1 h.

SPD processing was conducted by high-pressure torsion
(HPT) at an elevated temperature of 350 °C with a number
of turns N = 5 and a pressure of P = 5 GPa [13, 14]. The
processing was performed on disk samples with a diameter
of 10 mm and a thickness of 0.2 mm.

The microstructure was studied using a JEOL® JSM
6390 scanning electron microscope (SEM). The TEM
studies of the samples were performed on a JEOL® JEM-
2100 transmission electron microscope at an accelerating
voltage of 200 kV. The TEM samples were cut out from
the the half radius of the deformed disks and subjected to
electropolishing ~ with  electrolyte (90 vol%  etha-
nol + 10 vol% perchloric acid).

The dislocation density pyzp Wwas assessed according to
formula (1) [24]:

7 2 \/3 < 82> 1/2 |
Pxrp = " bdsp (1)
where (¢2)!'/2 is the level of elastic microdistortions of a
crystalline lattice; b is the Burgers vector; dxgp is the
coherent scattering domain size.

The parameters values in formula (1) and the lattice
parameter were determined by an X-ray diffraction tech-
nique on a DRON 4 M diffractometer using C,K,—radi-
ation with a graphite monochromator on a diffracted beam
from the positions of the three basic maxima of the X-ray
diffraction pattern. The range of 20 angles was 40°-140°
with a step of 0.1° and an exposure time of 20 s.

The microhardness was determined using a MICRO-
MET 5101 microhardness tester with a load of 0.1 kg for
10 s. Mechanical tests were performed on a specialized
machine for precision testing of small-sized samples with a
gage length of 2 mm and a thickness of 0.1 mm [25].
Tensile specimens were cut in a way so that the gage
section was located approximately at the half radius of the
disk center.

Results

A lath martensite [26] structure was produced after
quenching from the austenite region (Fig. 1a, b).

The average size of the packets of martensite plates in
the as-quenched microstructure was 8 %+ 0.5 pm, the
average width of the plates was 0.3 £ 0.1 pm. The lattice
parameter value of C45 after quenching was a = 2.8680 +
0.00025 A which exceeded the lattice parameter of a-iron
(a = 2.86645 A), indicating supersaturation of o-iron with
carbon in the as-quenched state [27].

Besides, the boundaries of prior-austenite grains can be
seen clearly in the martensite structure (Fig. l1a) [22, 26,
27]. The average austenite grain size was 18 £ 0.5 pm.
The misorientations between martensite plates within a
block are low-angle [26, 27], each martensite plate is a
single crystal. A developed dislocation substructure is
observed in the volume of martensite crystals (Fig. 1b), the
occurrence of which is determined by the rate and volume
effect of martensitic transformation [26, 27].

The microhardness of the steel after quenching is
essentially higher than that in the initial state—over

8000 MPa (Fig. 2). The microhardness value of
3030 £ 50 MPa of the initial steel is shown in Fig. 2 for
comparison.

The mechanical properties of the steel are given in
Table 1.

The as-quenched martensitic state of steel was charac-
terized by high strength accompanied by brittle fracture
with a low ductility (Fig. 3; Table 1) [26, 27].

Tempering of the steel occurs during heating of the steel
for 5 min prior to HPT processing, which produces thin
plate-like cementite particles with a thickness of 10-20 nm
and a length of up to 400 nm in the martensite plates
(Fig. 1d).

As a result of holding at an elevated temperature prior to
HPT processing, the microhardness decreases practically
twice to 5000 MPa (Fig. 2). However, this value of micro-
hardness is higher than that in the initial ferrite-pearlite state
(Fig. 2), which may be associated with an incomplete
decomposition of the supersaturated solid solution. This is
confirmed by the results of X-ray structural analysis: the
matrix lattice parameter value after heating achieved
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Fig. 1 Microstructure of C45 before HPT processing: a, b as-quenched; ¢, d after quenching and 5-min holding at 7 = 350 °C. a, ¢ SEM; b,

d TEM
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Fig. 2 Microhardness of C45 after various types of treatment

2.867 £+ 0.00013 A, which is lower than that recorded after
quenching (a = 2.868 + 0.00025 A), but higher than that
for pure iron (a = 2.86645 A). The steel strength also
decreases almost twice, as compared to the quenched state,
while the ductility grows more than ten times (Table 1).
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The TEM studies demonstrated considerable
microstructure refinement as a result of HPT (Fig. 4a, b).
The average grain size calculated from the dark-field
images (Fig. 4c) is 120 £ 50 nm. The SAED pattern
demonstrates numerous spots positioned along circles,
which is an evidence of high-angle misorientations and
ultrafine grains. However, some spots have noticeable
azimuthal blurring, which assumes low-angle boundaries
and high internal stresses (Fig. 4a).

The lamellar cementite precipitates that formed during
tempering caused by heating prior to straining (Fig. 1d) are
not observed after straining. Highly dispersed spherical
particles of cementite can be seen, which are located pre-
dominantly at the o-phase grain boundaries (Fig. 4b, d).
The average particle size is 15 &= 5 nm. The lattice
parameter value of ferrite after HPT processing reaches
2.867 + 0.00016 A, and consequently, part of the carbon
is preserved in the solid solution, thus providing its
supersaturation to a certain extent, as compared with the
equilibrium state.

The microhardness of C45 after HPT processing varies
from the minimum value of 9320 MPa in the sample center to
the maximum value of 10638 MPa on the periphery (Fig. 2),
the average value is 9810 £ 490 MPa. The microhardness
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Table 1 Mechanical properties of C45 in various conditions

Condition oy (MPa) oy (MPa) o (%) HV (GPa)
As-received state (Initial rod) 863 770 7 3+£02
T = 800 °C, 60 min, water quenching 2192 1998 0.4 8.15 + 0.17
T = 800 °C, 60 min, water quenching + heating, T = 350 °C, 5 min 1665 1350 12 4.82 + 0.18
T = 800 °C, 60 min, water quenching + HPT, T = 350 °C, 5 turns, 5 GPa, 1 rpm 2649 2397 3 9.81 + 0.49
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Fig. 3 Engineering stress—strain curves of C45 after various types of
treatment

values through the section are higher than those in the
quenched steel and are characterized by a rather uniform
distribution along the diameter (Fig. 2). This allows assuming
that the microstructure is uniform in the sample volume.

After HPT processing, strength enhancement is observed,
in comparison with the state by the moment of the HPT
processing start (after quenching and holding at a tempera-
ture of 350 °C for 5 min), as well as in comparison with the
as-quenched martensite state (Fig. 3). The ultimate tensile
strength is over 2600 MPa which is a record value for
medium-carbon steel. The yield strength and hardness val-
ues increase as well. At the same time, the total elongation is
about 3 %, which is also higher than the value obtained
during tension of the quenched steel (see Table 1).

The thermal stability of properties was estimated from
the variation of the microhardness after heating of the steel.
Figure 5 displays the results.

As a result of heating to temperatures up to 350 °C with
a holding time up to 5 h, the microhardness is stable
(Fig. 5a), at the heating temperature of 400 °C a decline in
microhardness is observed after holding for 60 min; and
during up to 5 h the microhardness value is retained at a
high level, up to 8000 MPa (Fig. 5b), i.e., practically up to
the values typical for the quenched steel. As a result of
annealing at a temperature of 450 °C, the microhardness
falls noticeably already after 15 min of holding, and with
increasing annealing time, the microhardness mono-
tonously decreases to around 7400 %+ 350 MPa after

holding for 5 h (Fig. 5c). Therefore, it can be concluded
that at a short-term holding for 15 min the microhardness is
stable until 400 °C; at long-term holding (up to 300 min),
the microhardness is stable until 350 °C. In spite of
reduction in the microhardness after heating to tempera-
tures of 400—450 °C, the microhardness value is retained at
a high level, around 7000 MPa.

Other dependencies are observed during heating of the
quenched steel (Fig. 5). At any temperature of heating, the
sharpest decline in microhardness is observed already after
the first 15 min, then as the time and temperature of
heating increase, the microhardness monotonously
decreases at a lower speed. The microhardness values after
heating in the whole range of the investigated temperatures
of the as-quenched steel have become significantly lower
than those of the UFG steel processed by HPT. Thus, it
follows from Fig. 5 that C45 with a UFG microstructure
processed by SPD demonstrates a significantly higher
strength and thermal stability than the quenched steel with
a martensitic microstructure.

After annealing at temperatures of 300 and 350 °C, the
microstructure observed after the HPT processing remains
practically unchanged. Correspondingly, no noticeable
change in microhardness takes place (Fig. 5a). First
recrystallized grains appear in the steel structure after
annealing at a temperature of 400 °C. This is accompanied
by a decline in microhardness, as illustrated in Fig. 5b.

The steel microstructure after heating at temperatures of
450 °C for 60 min is displayed in Fig. 6.

After annealing at a temperature of 450 °C, the
microstructure changes essentially as a result of recrystal-
lization. The structure represents a ferritic matrix and
cementite particles (Fig. 6a, b) situated predominantly at
the boundaries of ferrite grains. The grain size has
increased to 250 £ 50 nm, the size of cementite particles
grows to 30-50 nm as a result of coagulation.

Discussion

Quenching is a well-known conventional method for
strengthening of carbon steels, leading to formation of a
martensite structure which demonstrates very high-strength
characteristics—a yield strength above 2000 MPa (Fig. 3).
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Fig. 4 Microstructure of C45 processed by high-pressure torsion (TEM): a, b bright-field images; ¢, d dark-field images; ¢ in the ferrite spot;
d in the cementite spot, indicated by an arrow in the insert in a. In b the arrows indicate cementite particles at grain boundaries

Martensite is a heavily supersaturated solid solution of
carbon in o-iron, and it is characterized by a complex
hierarchical structure [22, 26]. Besides, a high-dislocation
density is observed in martensite plates. Therefore, high
strength of martensite is caused by simultaneous action of
several strengthening mechanisms: solid solution, disloca-
tion, and grain boundary strengthening. Let us evaluate the
contributions of these mechanisms to the yield strength of
C45 in the first approximation of linear additivity [28, 29]:

oy = 00 + Adogg + Aoss + Ao, + Aop, (2)

where o is the friction stress of the a-iron lattice; Aogg is
grain boundary strengthening; Aggs is solid solution
strengthening; Acg, is precipitation hardening; Acp is
dislocation strengthening.

The linear additivity principle of strengthening mecha-
nisms is successfully applied to evaluate the yield stress of
different ultrafine-grained materials [15, 28-31], often
demonstrating good agreement with experimental data.

The friction stress of the a-iron lattice (o) is defined by
the Peierls-Nabarro stress:

oo =2 x 107*G, (3)

@ Springer

where G = 78 000 MPa is the shear elastic modulus of
ferrite.

Grain boundary strengthening (Aogg) can be deter-
mined by the mean grain size in accordance with the Hall-
Petch equation:

Aoy = K,d™ '/, (4)

where K, is the coefficient characterizing the contribution
of grain boundaries to strengthening; d is the grain size.

The packet size of martensite plates (d = 8 pm) was
used as the grain size for the martensite structure during the
calculation [26].

The value of K, for carbon steels, according to various
published data [28, 29, 32-36], varies in a very broad
range: from 0.13 MPa/m'? in commercially pure iron
practically without any impurities [31] to 0.70 MPa/m'?
in tempered steel [32]. The value of K, is influenced by
the content of alloying elements, in particular carbon [36],
the degree of plastic strain (in other words, dislocation
density) [35] and other parameters. However, the value of
K, as an indicator of the impediment of dislocations in
front of a grain boundary cannot depend on the
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Fig. 5 Variation of the microhardness of C45 after heating to a
temperature of: a 350 °C; b 400 °C; ¢ 450 °C. The column represents
steel with a UFG microstructure processed by HPT, the line
represents steel in the as-quenched state

intragranular structural state (dislocation density, alloying,
and etc.), unlike the coefficient of proportionality between
the yield strength o, and the grain size d~'. In case the

yield strength is viewed as a superposition of the contri-
butions of different strengthening mechanisms (2), intra-
granular strengthening factors are taken beyond the scope
of the Hall-Petch model (4) and calculated separately.
Consequently, when considering the contribution of grain
boundaries to strengthening on its own as the value of K,,
it is necessary to accept the value typical for unalloyed
undeformed ferrite.

In the present work, the following value is accepted:
K, = 0.4 MPa m~"? [32, 33].

Solid solution strengthening (A oss) is defined by the
content of the alloying element and its strengthening
action:

AO'SSZk'C (5)

where k is the strengthening coefficient for ferrite, repre-
senting an increment in the yield strength during dissolu-
tion of 1 % (wt) alloying element in it (for carbon
k = 4670 MPa/ % [28]); ¢ is the concentration of the
alloying element in % (wt).

For the first approximation calculation, the carbon
content in the solid solution is accepted as 0.4 % for the
C45 martensite.

Precipitation hardening (Aog,) is calculated in accor-
dance with Orowan’s formula:

Gb A—D

2n(;u—1§)q>ln< 2b ) ()
where b is the Burgers vector of dislocations (for ferrite b/
2 <111>is 0.25 nm); A is the average distance between
the centers of the particles; D is the average particle size;
is the coefficient characterizing the type of dislocations
interacting with the particles: for steel ) = 1.25; for a-iron
M = 2.75; 0.85 is the static coefficient [28].

It can be accepted in the first approximation that there
are no dispersed particles in the steel martensite, therefore
this component will not be taken into account in the
martensite yield strength calculation.

Dislocation strengthening (Aop) is defined by the rela-
tionship [28]:

Acor = 0.85M

Acp = aMbGp'/?, (7)

where o is the coefficient depending on the character of
dislocation interaction in the course of work hardening;
M is the orientation multiplier: for a-iron M = 2.75, and
the product aM = 0.5; b = 0.25 nm is the Burgers vector;
p is the dislocation density.

The dislocation density determined by the X-ray diffrac-
tion method for the martensite was p = 1.5 x 10"* m™2.

The calculation results are listed in Table 2.

One can see from Table 2, the calculated value of the
yield strength in the quenched state of steel is close to the
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Fig. 6 The UFG microstructure of the C45 processed by HPT after heating to a temperature of 450 °C. a bright field; b dark field in the

cementite spot indicated by an arrow in the insert in a

Table 2 Calculated values of the contributions of different strengthening mechanisms to the yield strength of C45

Condition () (MPa) AO'SS (MPa) AO_GB (MPa) AO'D (MPa) Oy = 27:1 g (MPa) Oy (MPa)
experimental
value

T = 800 °C—60 min, 16 1868 (90 %) 141 (7 %) 39 (3 %) 2064 1998

water quenching
T = 800 °C—60 min, water 16 467 (27 %) 1154 (67 %) 91 (6 %) 1728 2397

quenching + HPT, T = 350 °C, N = 5, 5 GPa

experimental one. This confirms adequacy of the chosen
model of the linear additivity of strengthening mechanisms
for the assessment of the steel yield strength. It can be seen
also that the main contribution to the strengthening of
quench-induced martensite (about 90 %) is made by the
formation of a supersaturated solid solution.

An alternative way of strengthening is grain refinement
by severe plastic deformation. SPD processing enables
forming an ultrafine-grained microstructure of the
nanocomposite type in the steel: a ferrite matrix with a
grain size of 120 & 50 nm and uniformly located, pre-
dominantly at grain boundaries, highly dispersed spherical
particles of cementite with a size of 15 nm. The formation
of a nanocomposite structure during HPT processing at an
elevated temperature is the consequence of two simulta-
neous processes—grain refinement resulting from severe
plastic deformation and dynamic tempering of the initial
martensite structure. Notably, absence of clear images of
grain boundaries in the photographs of microstructure
made using TEM (Fig. 4) is indicative of high non-equi-
librium grain boundaries with strain-distorted structure.

The structure produced by SPD demonstrates a high level
of strength: the yield strength is around 2400 MPa, which is
a record value for C45. Such a high value as well as for
martensite can be the result of the simultaneous action of
several strengthening mechanisms. In the first place, it is the
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grain boundary strengthening in accordance with the Hall-
Petch equation. In addition, dislocation strengthening, pre-
cipitation hardening and solid solution strengthening can
also lead to an increase in the yield strength.

Let us calculate the contributions of the strengthening
mechanisms in the steel processed by SPD in accordance
with the same formulas (3)—(7) that were used when cal-
culating the yield strength of the martensite. The contri-
bution of the precipitation mechanism is not determined, as
the cementite particles are located predominantly at grain
boundaries and, consequently, they do not impede the
movement of dislocations. In the calculations, the same
values of the coefficients are used as in the case of the
martensite structure. The grain size in the steel processed
by HPT is d = 120 nm. It is difficult to determine precisely
the carbon content in the solid solution, and the value
C = 0.1 % was accepted for the calculations based on the
value of the lattice parameter. The dislocation density
determined from the results of X-ray structural studies
reaches p = 7.5 x 10" m™2,

The results of the calculations are listed in Table 2. It
can be seen from Table 2 that a principally different dis-
tribution of the contributions of different mechanisms to
yield strength is typical of the UFG steel. In this case,
grain boundary strengthening has the greatest signifi-
cance—67 %, and the solid solution component also makes
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a considerable contribution—27 %. The calculated value of
the yield strength for the deformed steel has turned out to
be 27 % lower than the experimental value. The underes-
timation of the yield strength value in the calculation can
be associated with two reasons: first, a higher actual con-
tent of carbon in the solid solution and a certain fraction of
cementite particles in the grain body; second, the action of
a new strengthening mechanism not taken into account in
(2). Such a strengthening mechanism could be associated
with formation of carbon segregations at grain boundaries,
observed recently in carbon steels produced by HPT [12,
15, 37]. It has been shown [16] that segregations can
significantly impede dislocation nucleation from grain
boundaries and cause additional strengthening.

It follows from the calculation results given in Table 2
that the high strength of the martensite is related, in the first
place, to solid solution strengthening, while the high
strength of the steel with a nanocrystalline structure is
related to grain boundary strengthening.

These differences in strengthening mechanisms make
influence essentially on a higher thermal stability of the
structure and properties of the steel nanostructured by SPD.

Processes lead to reduction of the free energy take place
during heating of the steel. They are precipitation of carbon
from the matrix with formation of cementite particles,
recovery, and recrystallization.

Let us compare the action of these processes during the
annealing of the steel with martensite and nanocrystalline
structures.

The decomposition of the supersaturated solid solution
of martensite is connected with the diffusion of carbon in
the ferrite lattice. This process runs even at room temper-
ature and significantly accelerates during heating [26, 27].
As was shown above, the main contribution to the
strengthening of the martensite is made by the solid-solu-
tion component, therefore during the decomposition of the
martensite, softening is observed: the microhardness and
the yield strength decrease 1.5 times already after holding
for 5 min at a temperature of 350 °C prior to SPD pro-
cessing (Figs. 2, 5; Table 1).

As known, the recrystallization process is associated
with the self-diffusion of atoms of iron. Recrystallization is
observed in the martensite structure at temperatures higher
than the temperatures studied in this paper. A recrystallized
microstructure forms in the nanocrystalline structure of the
steel at a temperature of 450 °C (Fig. 6). This confirms the
conclusions made above that the main strengthening
mechanism in the nanocrystalline steel is the grain
boundary one: the two-fold growth of the grain size as a
result of recrystallization leads to a considerable softening,
which was observed during our experiment (Fig. 5c).

The performed investigation has demonstrated that the
thermal stability of the high-strength state of steel 45 is

determined by the active strengthening mechanisms. The
latter, in their turn, determine the processes taking place
during heating of the steel and, consequently, the kinetics
of softening and the thermal stability.

Conclusions

1. Severe plastic deformation at an elevated temperature
of C45 with the initial martensite microstructure can be
viewed as an effective approach to produce the high-
strength state, alternative to quenching. Its implemen-
tation leads to the formation of ultrafine-grained ferrite
matrix with highly dispersed carbides located pre-
dominantly at grain boundaries. This steel exhibits
record values of strength characteristics: a yield
strength of about 2400 MPa, an ultimate tensile
strength above 2600 MPa.

2. In contrast to the martensite, in which the main

strengthening factor is supersaturated solid-solution
formation, it is grain boundary strengthening that is
responsible for the high-strength state of the ultrafine-
grained steel.

3. The thermal stability of the microstructure and prop-

erties of the steel with an ultrafine-grained microstruc-
ture exceeds the thermal stability of the martensite,
which is related to principally different softening
mechanisms taking place during heating. The main
softening factor for the martensite is the decomposition
of supersaturated solid solution, associated with carbon
diffusion. For the UFG structure, softening is associ-
ated with recrystallization, i.e., self-diffusion of atoms
of iron, which proceeds at higher temperatures.
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