
 

734

 

ISSN 1995-0780, Nanotechnologies in Russia, 2008, Vol. 3, Nos. 11–12, pp. 734–742. © Pleiades Publishing, Ltd., 2008.
Original Russian Text © V.V. Lepov, A.M. Ivanov, B.A. Loginov, V.A. Bespalov, V.S. Achikasova, R.R. Zakirov, V.B. Loginov, 2008, published in Rossiiskie nanotekhnologii, 2008,
Vol. 3, Nos. 11–12.

 

INTRODUCTION

A new spectrum of the research aimed at obtaining
nanostructured and ultrafine–grained materials and at
analyzing their applicability in conditions of the North
allows solving the problem of brittle fracture at a new
level, to study the effects of grain boundaries on struc-
tural degradation at low temperatures, and to investi-
gate possible manifestations of ductile-brittle transi-
tions in such materials.

To obtain ultrafine-grained materials we used a tech-
nique of intensive plastic deformation, namely, equal-
channel angular pressing (ECAP) [1]. Multiple (multi-
pass) application of ECAP accompanied by thermal
processing allows improving a complex of mechanical
properties of the majority of metals, iron-based ones
included [2], as well as their cold resistance, deter-
mined by the amount of the fracture specific energy
during impact bending tests (i.e., by the impact elastic-
ity) [3]. However, microscopic mechanisms of brittle
fracture and peculiarities of damage accumulation in
such materials are not adequately studied as yet.

The technique of tunneling scanning microscopy [4]
makes it possible to study the structure of material sur-
faces at a high nanometric resolution. A degree of
roughness points to the surface maturity: the more
mature the surface, the greater the roughness. The effi-
ciency of scanning atomic-force and tunneling micros-
copy for studying surface defects and for performing
monitoring in the case of refining novel surface modifi-
cation technologies is well-known [5].
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Abstract

 

—Microstructural aspects of deformation and fracture of steel which is nanostructured using the tech-
nique of equal-channel angular pressing and thermal processing at low temperature (–60

 

°

 

C) are considered in
the paper. The methods of optical and atomic-force microscopy are used to investigate deformation surfaces.
The fracture character change (from a brittle cleavage to a ductile shear) at low temperatures is shown to be
associated, on the one hand, with a fuzzing of grain boundaries during pressing with solid structural phases and,
on the other hand, by the replacement of the prevalent plastic deformation carriers.
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Fig. 1.

 

 Main sizes (a) and an overall view (b) of the samples
to be stretched.
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Fig. 2.

 

 Diagram of scanning regions selection in a deformed
sample.
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Due to high accuracy in determining surface profile
heights, the techniques of scanning atomic-force and
tunneling spectroscopy are the most appropriate for
quantitative studies of the surface geometry of fractures
and specially prepared microstructures. The atomic-

force technique which is insensitive to non–conducting
oxide film on a metal surface is the most suitable (from
the two mentioned) for studying steel samples. In addi-
tion to a three-dimensional surface image, the tech-
nique allows getting a profilogram, thus making it pos-
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Fig. 3.

 

 Photographs of the sample fracture region (ECAP along the C path at 400

 

°

 

C): (a) from the source material tested at 20

 

°

 

C;
(b) from the material subjected to 2 ECAP passes tested at 20

 

°

 

C; (c) from the material subjected to 2 ECAP passes tested at –60

 

°

 

C;
(d) from the material subjected to 8 ECAP passes tested at 20

 

°

 

C; (e) from the material subjected to 8 ECAP passes tested at –60

 

°

 

C.
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sible to quantitatively evaluate the surface geometry
and to calculate, e.g., an average size of metal film crys-
tallites [6], to determine the sizes of Widmanstatten fer-
rite plates and a deformation profile [7], and to reveal
the mechanism of hydrogen embrittlement [8]. How-

ever, there are still very few papers which study nano-
structured construction materials using scanning
atomic-force and tunneling microscopy.

In the present paper the technique of scanning
atomic-force microscopy is applied to investigations of
the morphology of surface stretching deformations of
samples fractured at different temperatures. At that,
microstructure peculiarities of damage accumulation
and the character of nanostructured steel fractures at
low temperatures were revealed.

RESEARCH TECHNIQUE

The deformation surface was studied using flat sam-
ples made of St3sp steel in the initial (normalized) state
and after its ECAP processing along the C path (after
each pass a billet rotated by 180

 

°

 

 around its longitudi-
nal axis), the number of passes being 2 and 8. The sizes
and the form of the stretched samples are shown in Fig.
1, whereas test results are tabulated in table.

The regions localized in the vicinity of the sample
neck (fracture) at different distances from the fracture
point were studied using scanning atomic-force micros-
copy with an aim to reveal micromechanisms and plas-
tic deformation carriers. The resolution achieved when
this technique was implemented with the SMM-200
microscope (manufactured by Proton-MIEE, Zeleno-
grad), the samples being studied in the air, was not
worse than 2–3 nm. The samples were cut with a dia-
mond disc with water cooling till the longitudinal size
was 6 mm, their surface was etched with orthophospho-
ric acid not more than 0.2 

 

µ

 

m deep to reveal phase
boundaries, the oxidized layer was removed, and chem-
ical passivation was performed.

Figure 2 shows the diagram of the selection of scan-
ning regions in a plastically deformed sample area,
whereas photographs of sample surfaces in the fracture
region are given in Fig. 3. The level of plastic deforma-
tion 

 

ε

 

1

 

 in region 1 will be smaller that that of 

 

ε

 

2

 

 in
region 2 (Fig. 2). The extent of residual plastic defor-
mation will be approximately determined by the neck-
ing value. Thus, the surface morphology in region 1,
which is 

 

∆

 

1

 

–away from the fracture point, will show the
stage of defectiveness evolution, corresponding to an
earlier stage of plastic yielding. For investigation pur-

 

30 

 

µ

 

m

30 

 

µ

 

m

30 

 

µ

 

m

 

Fig. 4.

 

 Photographs of microstructures obtained with the
technique of optical metallography: (a) the source material;
(b) after 2 ECAL passes; (c) after 4 ECAP passes.

 

The data obtained during mechanical tensile tests for St3sp steel samples sunjected to ECAP

State of material
Average grain

dimension 

 

d

 

m

 

, 

 

µ

 

m

Micros-
trength 

 

H

 

V

 

, 
MPa

Yield strength

 

σ

 

T

 

, MPa
Ultimate strength

 

σ

 

B

 

, MPa
Relative elongation
during fracture, 

 

δ

 

, %

20

 

°

 

C –60

 

°

 

C 20

 

°

 

C –60

 

°

 

C 20

 

°

 

C –60

 

°

 

C

Initial 18.5 1370 324.4 – 498.4 – 14.5 –

2ECAP passes 10.5 2500 750 825 791 863.5 4.95 8.95

8ECAP passes 6.5 2910 830 915 844 921.5 5.36 5.10

 

Note: The tabulated values for 

 

σ

 

T

 

, 

 

σ

 

B

 

 and 

 

δ

 

 are given for the samples whose deformation surfaces were studied directly, whereas the val-
ues for 

 

d

 

m

 

 and 

 

H

 

V

 

 are the ones averaged for all the group of the tested samples.
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poses the distance 

 

∆

 

 was chosen as 200 and 500 

 

µ

 

m,
and 1, 2 and 3 mm, but the present paper considers the
most informative surface images for the regions, which
were 500 

 

µ

 

m and 3 mm away from the fracture. The
size of the scanning area was 8 

 

×

 

 8 and 4 

 

×

 

 4 

 

µ

 

m

 

2

 

.
The microstructure photographs, obtained by the

optical metallography technique, are shown in Fig. 4.
The photographs showing steel microstructure after
ECAP (Figs. 4b, 4c) reveal texture formation and orien-
tation of ferrite phases along the direction of pressing.
After 8 ECAP passes (Fig. 4c) the grain shape becomes
difficult to be determined, whereas its average size is
calculated using the method of random secants.

STUDY OF DEFORMATION SURFACES
WITH ATOMIC-FORCE SPECTROSCOPY

Due to the fact that we studied 5 sample surfaces (in the
initial state (after hot rolling) and after 2 and 8 ECAP

passes along the C path) at 20

 

°

 

C and –60

 

°

 

C, the results
are given as compared to each studied region. For the
region that is 500 

 

µ

 

m away, the level of plastic defor-
mation is critical for such type of loading and corre-
sponds to the maximum dislocation densities. The
region that is 3 mm away from the fracture is the region
of moderate plastic deformation, its value making
approximately 40% of the critical one. Thus, the com-
parison of surface morphologies and characteristic pro-
files of these regions, obtained with a high nanometric
resolution, will allow for the materials after ECAP to
reveal key differences in the realization of damage
accumulation mechanisms at different stages of plastic
deformation development at different test temperatures.

Figure 5 shows three- and two-dimensional images
of steel surfaces with the initial structure 500 

 

µ

 

m and
3 mm away from the fracture, as well as nanometric
profiles of these regions. The maximum height of the
region profile 500 

 

µ

 

m away from the fracture is
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Fig. 5.

 

 Three- and two-dimensional images of the deformation surface and geometry of the sample made of the source material
500 

 

µ

 

m (a–c) and 3.0 mm (d–f) away from the fracture point: (a), (d) a three-dimensional image; (b), (d) a two-dimensional image;
(c), (f) geometry of the surface corresponding to a two-dimensional image.
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300 nm; 3 mm away, 215 nm. The images reveal a
grained structure of the source material in spite of
smoothened deformation geometry near the fracture
(500 

 

µ

 

m away). The deformation surface geometry
3mm away from the fracture clearly reflects a sub-
grained structure and phase boundaries (Fig. 5d), some
twin slip lines entering the surface.

Figure 6 shows the images of the deformation sur-
face and region profiles 500 

 

µ

 

m away from the fracture in
the samples made of the material subjected to 2 ECAP
passes and tested at room (a–c) and low (d–f) tempera-

tures. The profile heights are 88 and 414 nm for the tests
and room and low temperatures, respectively. Such a
large spread of profile heights characterizes the differ-
ences in the fracture process energy consumption,
because at small distances from the fracture the defor-
mation level is close to that critical for the given mate-
rial. At room temperature the deformation geometry of
plastic deformation is smoothened and is similar to that
for the sample made of the source material, though the
grained structure is no longer noticeable. At low tem-
peratures the deformation geometry is clearly separated
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Fig. 6. Three- and two-dimensional images of the deformation surface and geometry of the sample made of the material subjected
to 2 ECAP passes (500 µm away from the fracture point) and tested at: (a), (b), (c) 20°C; (d), (e), (f) –60°C.
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by multiple intragranular crystallite inclusions, which
enter the surface. The size of these structures is nearly
200–300 nm, and the shear lines completely disappear.

Three- and two-dimensional images of the deforma-
tion surface and the profile of the regions 3 mm away
from the fracture for the samples made of the material
which was subjected to two ECAP passes and tested at
room (a–c) and low (–60°C) temperatures (d–e) are
shown in Fig. 7. The profile heights are 125 and 250 nm
for tests at room and low temperatures, respectively,
which correspond to a medium level of plastic deforma-
tion for these samples (Figs. 3b, 3c). Here, the change
of the plastic deformation character should be taken
into account; a rough shear mechanism with splitting
and microcracks formation prevails.

Figure 8 shows the images of the deformation sur-
face 500 µm away from the fracture in the samples
made of the material subjected to 8 ECAP passes and

tested at room and low (–60°C) temperatures. The
spreads of profile heights are 66 and 112 nm for room
and low test temperature, respectively. Here, we
observe lineage deformation structures corresponding
to the pressing direction. Shear lines due to twinning
are completely absent.

Three- and two-dimensional images of the deforma-
tion surface and the profile of the regions 3.0 mm away
from the fracture in the samples made of the material,
which was subjected to 8 ECAP passes and tested at
room and low temperatures, are shown in Fig. 9. The
profiles have a similar height spread, namely, 127 nm
and 120 nm for room and low test temperature, respec-
tively. Lineage deformation structures corresponding to
the pressing directions are preserved here as well, and
are more noticeable in the case of room temperature
deformation. At low test temperatures we also observe
fractures, but they are laminated, contrary to microc-
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Fig. 7. Three- and two-dimensional images of the deformation surface and geometry of the sample made of the material subjected
to 2 ECAP passes (3 mm away from the fracture point) and tested at: (a), (b), (c) 20°C; (d), (e), (f) –60°C.

Size:[7.603 µm × 7.603 µm × 460.1 nm](520 × 520 pt)
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racks in the steel subjected to two ECAP passes. The
observable deformation structures are amorphous phase
boundaries and their sizes are less than 50–100 nm, shear
lines being absent as well.

RESULTS AND DISCUSSION

It is known that such microstructure parameters as
the size of a grain or subgrain; the quantity, the distri-
bution and the morphology of solid disperse particles
(carbides) and structural components; as well as the nature
and the chemical composition of a solid solution deter-
mine steel strength and resistance to brittle fracture.

For nanostructured steel we cannot apply the Hall-
Petch dependence for the yield stress σT [9]:

(1)

because in the materials subjected to only 2 ECAP
passes along the C path only small–angle grain bound-
aries are mainly formed [2, 10], and the exponent n will
be close to a unity, whereas in cases of 8 passes of such
“warm” pressing the equilibrium large-angle bound-
aries are formed [10], and n ~ 0.5. In Eq. (1) σi is the
friction stress, hindering the dislocation motion, which
characterizes the strength of the metal matrix without
taking into account the boundary effect, and the second

σT σi KTd n– ,+=

0 Base: 3.127 µm

1 µm(a)

Size:[3.215 µm × 3.794 µm × 376.6 nm](440 × 519 pt)

(b)

(c)

1 µm(d)

(e) 0 Base: 3.245 µm

Fig. 8. Three- and two-dimensional images of the deformation surface and geometry of the sample made of the material subjected
to 8 ECAP passes (500 µm away from the fracture point) and tested at: (a), (b), (c) 20°C; (d), (e), (f) –60°C.

Size:[3.801 µm × 3.801 µm × 321.4 nm](520 × 520 pt)

(f)
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term determines the boundary and subboundary contri-
bution into strengthening. Here KT is the constant
which depends on the metal composition and the struc-
ture of the grain boundaries, and d is the average size of
a grain or a subgrain. In some cases d is considered an
interparticle distance as well [11]. It is the formation of
an equilibrium grain structure with large-angle bound-
aries that sets conditions for increased indices of impact
strength of nanostructured steels at low temperature
tests [3].

The present paper studies steel that is characterized
by the structure of grains with fragment sizes that pro-
vides for a unique increase of mechanical properties. In
spite of the fact that after 8 ECAP passes the average
size of grains in St3sp steel, determined with a metallo-
graphic method, is nearly 6.5 µm, the sizes of frag-

ments determined using transmission electron micros-
copy (TEM) are less than 1 µm [12]. The data obtained,
in particular, with atomic-force microscopy of defor-
mation surfaces point to smaller fragment sizes (less
than 100 nm).

Thus, in the deformation surface geometry of sam-
ples subjected to 8 ECAP passes and tested at 20°C and
–60°C we observe lineage deformation structures
(Figs. 9a, 9d) with carrier sizes of nearly 20 nm
(Figs. 9c, 9f).

The surface geometry of samples made of the mate-
rial subjected to 2 ECAP passes are non-uniform and
demonstrate increased roughness which is character-
ized by grain splitting into small subgrains with differ-
ent hardness. Dislocations and shear lines turn from
clearly noticeable isolated formations into multiple

(a)
1 µm

Size:[7.603 µm × 7.603 µm × 379.1 nm](520 × 520 pt)

0 6.489 µm (6.489 µm) Base: 6.489 µm

0 Base: 6.856 µm

–0.596

(c)

1 µm

(b)

(d)

Size:[7.603 µm × 7.603 µm × 723.5 nm](520 × 520 pt)

(e)

(f)

Fig. 9. Three- and two-dimensional images of the deformation surface and geometry of the sample made of the material subjected
to 8 ECAP passes (3 mm away from the fracture point) and tested at: (a), (b), (c) 20°C; (d), (e), (f) –60°C.
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phase boundaries which are practically completely
extruded from the grain body.

Based on the obtained images and surface geome-
tries we can see that the key distinction in the fracture
character of nanostructured steels subjected to 2 and
8 ECAP cycles at low test temperatures lies in a more
ductile character of fracture, a uniform and a developed
roughness with a high energy dissipation that, in its
turn, is associated with a greater equilibrium, and finer
material structure.

Note that in the samples made of nanostructured
St3sp steel subjected to a breaking test, fuzzing of the
grain boundaries due to the interaction of soft and solid
phases was revealed. Thus, if on the deformation sur-
face of the source material samples we can clearly see
grain boundaries (Figs. 5a, 5d), in the samples made of
the material subjected to 2 and 8 ECAP passes these
boundaries are either not noticeable against a back-
ground of deformation structures (Figs. 6a, 6d; 7a, 7d)
or strongly fuzzed (Figs. 8a, 8d; 9a, 9d). Also note the
changes in the character of plastic deformation in the
samples subjected to 8 ECAP passes (Figs. 8, 9) which
hinder the concentration of fractures typical for the
samples made of the material subjected to 2 passes
(Figs. 6, 7). The traces of slippage of dislocation nature,
inherent to the source material, do not show up on the
body of fine grains with a lineage structure (Figs. 5d, 5e).

A coarser shear character of the deformation surface
near the fracture surface is characteristic for low-tem-
perature tests of the steel with the initial structure [3]
and after 2 ECAP passes (Figs. 7a, 7d). For nanostruc-
tured steels this process is smoothened and has a duc-
tile-brittle character (Figs. 8a–9d), which shifts the
temperature of a ductile-brittle transition for all the
items to the range of lower temperatures.

In confirmation of data obtained, some authors [13, 14]
who studied the mechanisms of deformation of
ultrafine-grain alloys after several ECAP passes with
the technique of transmission electron and X-ray
microscopy revealed that dislocation slipping becomes
the main deformation mechanism in such materials as
compared to twinning.

Based on the performed microstructure studies, it is
evident that the production of a more strengthened and
non-uniform structure prior to ECAP using thermal
processing or other techniques must help obtain better
mechanical characteristics and increase fracture energy
consumption, in the case of the included low-tempera-
ture tests.
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