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Abstract—The structure and properties of the surface of DP155 I-beams made of 09G2S low-carbon steel are
determined on the basis of materials physics, before and after thermomechanical strengthening—that is,
accelerated water cooling. Such I-beams are used in monorail tracks. Highly defective structure in the surface
layer is created by accelerated cooling of the beam in the line of the 450 bar mill at AO EVRAZ Zapadno-
Sibirskii Metallurgicheskii Kombinat, in the following conditions: rolling speed 6 m/s; water pressure in the
crosspiece-cooling section 0.22–0.28 MPa; temperature before cooling about 800°C. As a result, the hard-
ness, wear resistance, and scalar dislocation density are higher than in the steel without strengthening. With-
out thermal strengthening, the microhardness of the samples is 2.70 ± 0.33 GPa, while the Young’s modulus
is 269.2 ± 27.1 GPa. Thermomechanical strengthening increases its microhardness to 3.30 ± 0.29 GPa, and
decreases the Young’s modulus to 228.2 ± 25.7 GPa. In addition, the microhardness range is increased from
2.20–3.80 GPa to 2.64–4.60 GPa, while the Young’s modulus range is reduced from 208.0–403.0 GPa to
184.1–278.2 GPa on thermomechanical strengthening. It is found that thermomechanical strengthening
increases the wear resistance of the steel’s surface layer by a factor of ~1.36 (decrease in wear rate from 5.3 ×
10–5 to 2.9 × 10–5 mm2/N m) and increases the frictional coefficient by a factor of 1.36 (from 0.36 to 0.49).
Without thermal strengthening, the structure observed is dislocational chaos; the scalar density of the dislo-
cations is (0.9–1.0) × 1010 cm–2. High-temperature rolling and subsequent accelerated cooling of the samples
produces dislocational substructure of band type in the ferrite grains and of reticular type in the martensite
grains: the mean scalar density of the dislocations in the surface layer is 4.5 × 1010 cm–2. Possible explanations
for such behavior are discussed.
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properties
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In materials physics, it is important to understand
the evolution of structural and phase states and defect
substructure in steels, in order to improve their perfor-
mance [1–11]. In the last decade, thermomechanical
strengthening—accelerated water cooling—has been
widely adopted in rolling technology. To create the
required strength and plasticity of steel, we need to
understand the physical changes in such strengthen-
ing, under the action of complex deformation and
heating. In studying thermomechanical strengthen-
ing, we must establish the relations between the

mechanical properties of the product and the evolu-
tion of the structural and phase states and defect sub-
structure for each rolled product if we are to ensure
optimal treatment and specify the required properties.

Monorail tracks are produced from thermome-
chanically strengthened DP155 I-beams, which
ensure high load capacity and reliability under intense
mechanical forces in dusty air. The structural and
phase states and defect substructure for such I-beams
were studied in [12–15]. That provides the physical
basis for specifying the properties over the length and
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cross section such that buckling is prevented. The lat-
eral surface of the crosspiece is under the greatest load.
Consequently, it is of scientific and practical interest
to study the structure and tribological properties of the
crosspiece. That is the aim of the present work.

We investigate DP155 I-beams (class 345) pro-
duced with accelerated cooling in the line of the
450 bar mill at AO EVRAZ Zapadno-Sibirskii Metal-
lurgicheskii Kombinat (AO EVRAZ ZSMK).

Experimental batches of I-beams are produced
from 150 × 200 mm continuous-cast 09G2S steel bil-
let, whose chemical composition corresponds to State
Standard GOST 19281, as we see in the Table 1.

The thermomechanical strengthening (accelerated
cooling) of the rolled steel ensures mechanical proper-
ties of class 345. The cooling configuration and the
temperatures and cooling rates employed in thermo-
mechanical strengthening may be found in [12–15].
For comparison, we also investigate the structure and
properties of 09G2S steel beams produced without
thermomechanical strengthening, with a final rolling
temperature of 100°C.

The phase composition and defect substructure of
the steel are investigated by the diffractional electron
microscopy of thin foil [16–20]. The working magni-

fication in the electron microscope is 8000–80000.
The final magnification is established by means of
photographic printing or computer graphics. In Fig. 1,
we show the preparation of the sample from the
I-beam in the production of thin foil. A plate of thick-
ness about 0.3 mm adjacent to the I-beam surface is
cut from the sample by electrospark machining. The
plate is mechanically thinned to 100–150 μm and pol-
ished on one side in 450 ml H3PO4 electrolyte and 50 g
chromium anhydride, at a voltage of 20–27 V and cur-
rent density of 2–3 A/cm2, so as to obtain a thickness
of about 200 nm suitable for electron-microscope
study.

The nanohardness and Young’s modulus of the sur-
face layer are determined on a Shimadzu DUH-211S
dynamic system, with a load of 50 mN on the nanoin-
denter. The wear resistance of the steel is analyzed on
an S/N 07-142 high temperature tribometer (CSEM,
Switzerland) and a Tribotechnic (France) instrument,
with determination of the frictional coefficient and
wear rate. The counterbody is a VK6 hard-alloy ball
(diameter 3 mm). The measurements are made with
rotation of the sample at a motionless counterbody.
The linear rotation speed is 2.5 cm/s. The normal load
on the counterbody is 5 N; the final number of sample
rotations is 5000. At the end of the frictional process,
the profile of the frictional groove in the sample sur-
face is measured by means of a Micro Measure 3D sta-
tion (STIL, France) and a Tribotechnic (France)
instrument, with numerical determination of the
depth and cross-sectional area of the frictional groove.
The wear resistance is calculated as the inverse of the
wear rate V (mm3/N m), which takes the form

Here R is the track radius, mm; A is the cross-sectional
area of the frictional groove, mm2; F is the applied
load, N; and L is the dilation of the counterbody
(ball), m.

In Fig. 2, we show the structure of 09G2S steel
without thermomechanical strengthening, according
to diffractional transmission electron microscopy. Mor-
phological and microdiffractional analysis shows that

π= 2 ,RAV
FL

Table 1. Chemical composition of 09G2S steel

Steel
Content, %

С Si Mn S P N V Al

09G2S 0.087 0.62 1.36 0.012 0.019 0.0071 0.004 0.011

GOST 19281 
specifications

0.07–0.12 0.50–0.80 1.30–1.70 ≤0.035 ≤0.035 0.008 – ≤0.05

Fig. 1. Preparing a sample of the I-beam in producing foil
for analysis by diffractional transmission electron micros-
copy. The arrow indicates the position of the plate used in
foil production.
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Fig. 2. Electron-microscope images of the structure of 09G2S steel without thermomechanical strengthening: (a–c) light-field
image; (d) dark-field image obtained in the close reflexes [320] Fe3C and [002] α Fe; (e) electron-diffraction pattern. The arrow
indicates the reflex in which the dark field is produced.
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the ferrite grain is the basic structural component of the
steel (Figs. 2a and 2b). The content of pearlite grains of
plate type is significantly lower (Figs. 2c and 2d). Dislo-
cational substructure is seen within the ferrite grains
and the ferrite component of the pearlite grains. The
distribution of the dislocations is predominantly chaotic
(dislocational chaos [21]). The scalar dislocation den-
sity, determined by the secant method, is (0.9–1.0) ×
1010 cm–2 [16–20].

After high-temperature rolling and subsequent
accelerated cooling, the surface layer of the I-beam is
characterized by quenched structure: the ferrite grains
are accompanied by grains containing martensite crys-
tals of packet morphology. No pearlite grains are seen
in the surface layer of the I-beam. At a distance of 4
mm or more, the steel structure consists of ferrite and
pearlite grains. No martensitic structure is seen.

As we see in Fig. 3, the defect substructure of the
ferrite grains in the surface layer of the steel consists
mainly of deformation bands (band substructure; 75%
of the grain volume). In smaller quantities, we note
substructure in the form of dislocational chaos
(20% of the grain volume) and subgrains (5% of the
grain volume). In the martensite crystals, we see retic-
ular dislocational substructure. The mean scalar dislo-
cation density over all types of substructure in the sur-
face layer of the thermostrengthened I-beam is 4.5 ×
1010 cm–2.

Thus, thermomechanical strengthening of 09G2S
steel leads to the formation of morphologically com-

plex defect substructure in the surface layer of the
I‒beam, with relatively high scalar dislocation den-
sity. Obviously, such transformation of the defect sub-
structure must be accompanied by improved perfor-
mance of the steel.

The nanohardness and Young’s modulus of 09G2S
steel before/after thermomechanical strengthening are
as follows:

It is evident that the thermomechanical strength-
ening is accompanied by increase in hardness of the
surface layer by a factor of about 1.22, with about
1.18-fold decrease in the Young’s modulus. The
strengthening of the steel significantly changes its tri-
bological characteristics: the wear resistance of the
surface layer and the frictional coefficient are
increased by factors of about 1.83 and 1.36, respec-
tively. The wear rate of the steel is 5.3 × 10–5 before
thermomechanical strengthening and 2.9 × 10–5 m3/N
m after strengthening; the corresponding values of its
frictional coefficient are 0.36 and 0.49.

Characteristic
Value

mean error minimum maximum

Hardness, GPa

Young’s modulus, 
GPa

2.70
3.30

0.33
0.29

2.20
2.64

3.80
4.60

269.6
228.2

27.1
25.7

208.0
184.1

403.0
278.2
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CONCLUSIONS

The defect substructure of 09G2S steel before and
after thermomechanical strengthening is studied by
diffractional transmission electron microscopy.

Accelerated cooling of the steel in the line of the
450 bar mill at AO EVRAZ Zapadno-Sibirskii Metal-
lurgicheskii Kombinat produces a surface layer of
highly defective structure, with increased hardness
and wear resistance. The Young’s modulus and fric-
tional coefficient are lower by a factor of 1.2–1.3 after
thermomechanical strengthening.
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