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Abstract—For the example of 09G2S steel Charpy samples, the impact strength and failure mechanism of
low-alloy steel is considered in impact f lexure at 213–293 K. The initial samples are compared with samples
subjected to equal-channel angular pressing.
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In the process of developing a technology, creating
the corresponding material, and manufacturing the
product, it is important to study the physicomechani-
cal properties and other characteristics of the materials
involved.

One approach to increasing the strength of metals
is severe plastic deformation, by methods such as
equal-channel angular pressing [1–6]. For structural
steels, it is not only important to increase the strength
but also to increase the low-temperature stability,
especially for materials with ultrafine-grain structure.
The influence of severe plastic deformation on the
low-temperature stability of metals is complex. In
many studies, the low-temperature stability declines
on account of decrease in grain size, whereas in others
it increases. Therefore, the influence of severe plastic
deformation on the failure of metals requires further
study.

The possibility of increasing the strength and low-
temperature stability of 09G2S steel by creating sub-
microcrystalline structure was established in [7]. The
increase in the energy required for the failure of
09G2S steel after equal-channel angular pressing with
n = 8 passes at T = 823 K is associated with greater
relief of the fracture and change in the failure micro-
mechanism: from quasi-shear fracture to ductile pit-
ting fracture. For 06MBF steel with submicrocrystal-
line structure, researchers noted increase in strength,
decrease in impact strength, and increase in critical
brittleness temperature in [8]. It has been established
that the impact strength and work of crack nucleation
on failure is less after the formation of submicrocrys-
talline structure.

The failure of steel samples in impact f lexure was
investigated in [9–11]. The formation of submicro-
crystalline structure does not change the cold-brittle-
ness threshold but narrows the range of ductile–brittle
transition, as shown in [9, 10]: it was found that the
failure of steel 10 with its initial structure is of ductile–
brittle type (microshear and pitting microrelief); after
equal-channel angular pressing, by contrast, failure is
associated with the formation of ductile ridges and
steps (after four passes) or extended sections charac-
terized by little relief (after six passes). The narrowing
of the range of ductile–brittle transition was estab-
lished for unalloyed moderate-carbon steel with ultra-
fine-grain structure in [11]. However, the interval is
shifted to lower temperatures. The suppression of duc-
tile–brittle transition in steels with bcc structure was
shown for the example of omnidirectional isothermal
forging and intense hot rolling of 12GBA pipe steel in
[12]. Combining methods of severe plastic deforma-
tion offer certain benefits, such as control of the steel’s
impact strength [13].

In the present work, we study the failure of low-
alloy structural steel with a structure formed by con-
siderable deformation and impact f lexure, at low tem-
peratures.

The metal is subjected to equal-channel angular
pressing in equipment permitting simple shear at the
intersection of two channels (separated by an angle of
120°). A PSU 125 ZIM hydraulic press producing a
force of 1250 kN is used for equal-channel angular
pressing. After heating and holding in a muffle furnace
at 773 K, a 19.7 ± 100 mm cylindrical workpiece is
placed in the equipment for equal-channel angular
pressing; the equipment has already been heated to
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Fig. 1. Dependence of the impact strength KCV on the
temperature T for 09G2S steel before (1) and after
(2) equal-channel angular pressing (BC route, n = 16, T =
773 K).
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773 K by means of a built-in furnace. To decrease the
surface friction of the workpiece at the channel wall,
we use Rosoil-Angelina lubricant, with additions of
graphite f lakes.

We investigate samples of low-alloy 09G2S steel
before and after equal-channel angular pressing. Its
chemical composition is as follows: 0.1% C, 0.85% Si,
1.41% Mn, 0.17% Cr, 0.18% Ni, and 0.35% Cu. The
remainder is Fe. A Worldwide Analytical Systems
(WAS, Germany) Foundry Master atomic-emission
spectrometer is used for the chemical analysis.

The 09G2S steel workpieces are subjected to
16 passes of equal-channel angular pressing by the BC
route (90° rotation of the workpiece relative to its lon-
gitudinal axis before each successive pressing cycle) at
773 K. The strain is ε16 = 10.67. After equal-channel
angular pressing, samples of Charpy type with
V-shaped cuts are prepared in accordance with State
Standard GOST 9454–78. The impact-flexure tests
are conducted by means of an Amsler RKP-450
(Zwick, Germany) pendulum hammer, at 293, 273,
253, 233, and 213 K.

The sample fractures are analyzed by means of
Hitachi TM3030 scanning electron microscope
(Japan), in secondary electrons.
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Table 1. Impact strength KCV of 09G2S steel samples in the
initial state and after equal-channel angular pressing
(BC route, n = 16, T = 773 K)

Serial number Temperature, K
KCV, MJ m–2

initial steel pressed steel

1 293 2.60 1.50
2 273 2.88 1.57
3 253 2.85 1.30
4 233 2.83 0.56
5 213 2.34 0.35
The equal-channel angular pressing of 09G2S steel
in two passes by the BC route at 673 K decreases the
impact strength KCV at 213 K from 2.67 to 1.52 MJ m–2,
as shown in [14]. Most of the fracture surface corre-
sponds to brittle shear failure. At the same time, if
forging for three cycles (with initial and final forging
temperatures of 1173 and 1023 K, respectively) is com-
bined with equal-channel angular pressing in four
passes in the same conditions, the impact strength is
increased to 2.93 MJ m–2. More than of 80% of the
fracture surface corresponds to brittle failure with
mixed relief, including a combination of intragrain
shear and ductile pitting.

After 16 passes of equal-channel angular pressing
by the BC route at 773 K, low-alloy 09G2S steel
acquires ultrafine-grain structure. The impact
strength KCV for 09G2S steel is shown in Fig. 1 and in
Table 1. In Fig. 2, as an example, some stress diagrams
are shown for impact samples. As a result of equal-
channel angular pressing, the impact strength is sig-
nificantly decreased. For example, at normal tem-
perature, the impact strength of the steel is reduced by
a factor of 1.73 after equal-channel angular pressing
(from 2.6 to 1.5 MJ m–2). With decrease in test tem-
perature, the difference in the KCV values for the two
states increases—by a factor of almost 6.7 at 213 K
(2.34 MJ m–2 in the initial state and 0.35 MJ m–2 after
equal-channel angular pressing). The upper threshold
of cold brittleness is about 225 K for the initial steel but
around 250 K after strengthening.

At different test temperatures, the following sec-
tions are seen in fractures of impact samples for the
initial steel and the strengthened steel: failure source,
the central zone, and the shear zone. In each zone, the
fracture differs in its degree of development (fracture
geometry, type, and scale).

For Charpy samples in the initial state, the fracture
surfaces are matte, with distinct relief. For a 09G2S
steel sample with a cut in the initial state at T = 233–
293 K, we note considerable tension over the sample
thickness at the cut tip and lip, as a result of the forma-
tion and development of shear (Fig. 3a). Such fracture
indicates ductile crack nucleation and considerable
impact work in its nucleation. That is confirmed by
the loading diagram in Fig. 2a.

For failure at 293, 273, 253, and 233 K, the mac-
rorelief of the samples is of the same type. The crack
motion at the surface inclined at about 30°–45° to the
line of the cut. Much of the work of failure is con-
sumed in forming the lip of the cut, where brittle fail-
ure occurs.

At 213 K, we note ductile–brittle failure for the
sample in the initial state, with about 50% brittle fail-
ure. We observe skew fracture with 45° inclination of
the fracture plane. The tension of the sample in the
ductile fracture region is also considerable (Fig. 3b).
The impact strength at 213 K is 2.34 MJ m–2. That is
 ENGINEERING RESEARCH  Vol. 40  No. 1  2020
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Fig. 2. Loading diagrams of Charpy samples of 09G2S steel at 293 K (a, c) and 213 K (b, d) before (a, b) and after (c, d) equal-
channel angular pressing (BC route, n = 16, T = 773 K).
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Fig. 3. Fracture of 09G2S steel Charpy samples at 293 K (a, c) and 213 K (b, d) before (a, b) and after (c, d) equal-channel angular
pressing (BC route, n = 16, T = 773 K).
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approximately 20% less than at higher temperatures.
The brittle fracture zone has a metallic sheen and
accounts for half of the sample’s fracture surface.
Among the excluded regions are the zone at the cut
tip, which corresponds to nucleation; and the zone of
ductile-crack development, which includes subcritical
crack growth and the shear zone (the lip of the cut and
the prefracture zone), as we see in Fig. 3b. In Fig. 2b,
which corresponds to failure of the sample with the
initial structure, we see that the resistance to crack
nucleation and propagation at 213 K is less than at
293 K (Fig. 2a).

For the 09G2S steel sample after equal-channel
angular pressing, the fracture surface at 213 K shows
traces of ductile and brittle failure. The skew fracture
runs at ~10° to the sample cross section. The lip of the
cut amounts to no more than 5% of the fracture sur-
RUSSIAN ENGINEERING RESEARCH  Vol. 40  No. 1
face. The same pattern is observed for the samples at
233 K and some samples at 253 K. After equal-channel
angular pressing, the crack in the 09G2S steel sample
at 213 K is inclined at around 30° to the line of the cut.
With decrease in test temperature, the impact strength
declines approximately fourfold: from 1.5 MJ m–2 at
293 K to 0.35 MJ m–2 at 213 K. The resistance to crack
nucleation and propagation at 213 K is considerably
less than at 293 K.

Analysis of the fractures of low-alloy 09G2S steel
samples (Fig. 4) permits the following conclusions.

For 09G2S steel in the initial state (before equal-
channel angular pressing) in impact f lexure at normal
temperature (KCV = 2.6 MJ m–2), we observe pitted
microstructure. As the pits grow larger, traces of slip of
the material are seen on their internal surfaces in the
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Fig. 4. Microrelief of fractures in 09G2S steel samples before (a) and after (b) equal-channel angular pressing (BC route, n = 16, T =
773 K) in tests at 213 K.
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form of undulations (steps). Such failure is also
observed at 233–273 K.

In the case of fracture at 213 K (KCV = 2.34 MJ m–2),
around 50% of the fracture area corresponds to brittle
failure, with microrelief in the form of brittle-shear
facets with a grooved pattern, which are typical of
intragrain shear (Fig. 4a). In the middle of the frame,
we see the transfer of the grooves from the atomic
plane of one crystal to the adjacent crystal, where the
atomic plane has a different orientation. The mean
size of the shear facets is 10–20 μm, corresponding to
the size of ferrite grains.

We know that equal-channel angular pressing
decreases the grain size and greatly increases the
strength. Pitted microstructure is also typical in the
fracture of 09G2S steel after equal-channel angular
pressing (BC route, n = 16, T = 773 K) at 293 K
(KCV = 1.5 MJ m–2).

At 213 K (KCV = 0.35 MJ m–2), the microrelief of
the sample reveals three basic sections in the zone of
crack development, corresponding to the stages in its
motion (Fig. 3d). The transition from one to the next
occurs through a plane. This pattern may indicate
stratification of the material. At the boundary, the
crack velocity changes. The first stage of the crack is
the longest, accounting for practically half of the sam-
ple cross section. We note an undulating fanlike pat-
tern of steps and grooves whose direction matches that
of the crack. At the bottom of the grooves, we see
extended micropits (0.5–5 μm). In each section, the
grooves converge at the point of mixed failure, where
both brittle-shear facets and ductile micropitting are
present (Fig. 4b).The size of these micropits is 25 μm
or less. We also observe microcracks (length 5–20 μm)
formed by the coalescence of micropores. As we see in
Fig. 2d, the sample is characterized by low resistance
to crack nucleation and propagation. Similar macro-
and microrelief is present in the fractures of samples
subjected to equal-channel angular pressing in tests at
233 K and in some samples in tests at 253 K.
RUSSIAN
Thus, for 09G2S steel in the initial state, ductile
failure at 233–293 K is replaced by ductile–brittle fail-
ure at 213 K. After equal-channel angular pressing,
ductile failure at 273–293 K is replaced by mixed frac-
ture at 213–233 K (and in some cases at 253 K).

CONCLUSIONS

We have seen that equal-channel angular pressing
(BC route, n = 16, T = 773 K) reduces the grain size of
the initial steel and decreases its impact strength. In
particular, note the following.

(1) The impact strength of low-alloy 09G2S steel is
decreased by a factor of 1.73 on equal-channel angular
pressing. The threshold of cold brittleness is shifted
from around 225 to 250 K (by about 25 K).

(2) In impact f lexure of Charpy samples of 09G2S
steel, we observe brittle failure, with pitted microrelief
in the fractures, at 233–293 K. After equal-channel
angular pressing of the samples, the same results are
obtained in tests at 273–293 K and in some cases at
253 K. At 213 K, ductile–brittle failure is observed for
samples in the initial state.

(3) After equal-channel angular pressing (BC route,
n = 16, T = 773 K), 09G2S steel undergoes mixed
fracture on impact f lexure at 213–233 K and in some
cases at 253 K. The resistance to crack propagation
is low.
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