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Abstract—The structure and physical-mechanical properties of U8A high-carbon steel subjected to cold
plastic deformation by hydrostatic extrusion have been investigated in a wide range of strain extents. Cold
plastic deformation by hydrostatic extrusion has been shown to lead to the dispersion of the structure of
U8A high-carbon steel. As the degree of true deformation increases, the ultimate strength and conven-
tional yield limit of U8A steel monotonically grow by 2 and 3.6 times, respectively. Such parameters as
coercive force, the number of jumps in magnetic Barkhausen noises, maximum magnetic permeability,
residual induction, and the speed of elastic waves are more sensitive to changes in the dislocation density
than in the dispersion of the grain and subgrain structure of extruded U8A steel. It has been established
that at least two informative testing parameters are needed for nondestructive evaluation of the level of
strength properties in extruded U8A steel. Those are coercive force (or maximum magnetic permeability,
residual induction, the number of Barkhausen jumps, the speed of elastic waves) for a true deformation
of up to 1.62 and the root-mean-square voltage of magnetic Barkhausen noises for true deformations
above 1.62.
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INTRODUCTION

Increasing the strength properties of materials by severe plastic deformation (SPD) is now gaining pop-
ularity. Strength properties improve primarily due to the dispersion of structure and increase in disloca-
tion density [1–5]. In [6], it was shown that equal channel angular pressing (ECAP) can be used to double
the ultimate strength and conventional yield limit of economically doped 09G2S. A peculiarity of such an
SPD method as hydrostatic extrusion (hydraulic forging) is the possibility for cold plastic deformation, a
method that is most effective when raising the strength by means of the dispersion of structure and the
increase of dislocation density even in brittle materials (for example, high-carbon steels) [7]. Hydrostatic
extrusion can be used for cold deformation of brittle materials in a wide range of strain extents. In addi-
tion, this method of deformation hinders formation of cracks in the material being processed.

The influence of SPD, including by hydrostatic extrusion, on the structure and mechanical properties
of pure metals, alloys, and steels has been described in great detail in the literature [8, 9]. Much less
emphasis has been placed on studying the physical characteristics of SPD-strengthened materials. Such
studies are necessary for the development of nondestructive physical methods of testing the condition of
these materials. The use of magnetic methods of nondestructive testing helps to significantly optimize the
production process while improving the specs of the produce (see, for example, [10–12]).

In this paper, the structure and physical-mechanical properties of U8A eutectoid steel subjected to
severe plastic deformation action by hydrostatic extrusion at room temperature were examined.

MAGNETIC METHODS
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SAMPLES AND RESEARCH METHODS
U8A (0.8 mass % C) hot-rolled rod iron of commercial heat in as received state was used as the material

for research. Plastic deformation of rods by hydrostatic extrusion was performed at room temperature fol-
lowing the sequential root ∅18 mm → ∅12 mm → ∅10 mm → ∅8 mm → ∅6 mm.1 The doubled entry
cone angle of the die mouth was 30°—35°. Such a large die-mouth angle may lead to formation of cracks
in the material being processed [13]. However, the microscopic research of extrudates did not reveal any
cracks in them. As a result, four extrudates were obtained with the true deformation extents е = 0.81, 1.17,
1.62, and 2.19, respectively, with the extent being calculated [14] by the formula

е = 2ln(d0/di),

where d0 is the rod diameter in the initial state and di is the diameter of the rod after the i-th compaction pass.
The microstructure of U8A steel in the initial and post-extrusion conditions was performed on longi-

tudinal thin sections by electron backscattered diffraction (EBSD) technique using an MIRA 3LMH
scanning electron microscope with a scanning pitch of 100 nm.2 The criterion for selecting the scanning
pitch was the average size of grains in the extrudate with the maximum true deformation, which, according
to the data of a preliminary microscopic examination, was approximately 350 nm. When analyzing the
EBSD maps by the CHANNEL 5 software, the sizes of grains and subgrains were calculated. According
to [15], any structural elements with a misorientation under 15° were taken to be subgrains, and those with
a misorientation over 15° were taken to be grains.

X-ray images of longitudinal and transverse thin sections were employed to determine the presence of
a crystallographic texture with a SHIMADZU XRD 7000 diffractometer using the Kα−radiation from a
chromium anode. The samples were electropolished prior to X-ray diffraction analysis.

The mechanical properties of steel (ultimate strength σu, conventional yield limit σ0.2, and failure elon-
gation δ) in the initial and post-extrusion states were determined on five-to-one cylindrical headed test bars
using an INSTRON 8801 universal testing machine. In addition, the HRB hardness was measured. In what
follows, we provide data on σu, σ0.2, δ, and HRB averaged over the results of testing three samples for each
true-deformation value. The error in determining the mechanical characteristics did not exceed 5%.

The magnetic characteristics of samples (coercive force Hc, maximum magnetic permeability μmax,
residual magnetic induction Br, and saturation magnetization Ms) were determined from the initial mag-
netization curves and major magnetic-hysteresis loops using a Remagraph C-500 magnetic-measurement
facility. The sample was magnetized in a permeameter, with the magnetic field of ±60 kA/m applied in
the direction of the longer sample axis. The error in determining the mechanical characteristics did not
exceed 3%.

Using a MICROSCAN 600 magnetic-Barkhausen-noise (MBN) analyzer, the root-mean-square
MBN voltage (U) and the number of Barkhausen jumps (N) were determined with a magnetization rever-
sal frequency of 115 Hz for packs of 10 cycles. The analyzer’s attachable transducer was placed in the mid-
dle of the sample for the sample magnetization to occur in the direction of the longer sample axis when
measuring the MBN parameters. Five series of U and N measurements with transducer reset were taken
for each sample, followed by the averaging of the results.

The speed V of elastic waves was measured using a double electromagnetic–acoustic transducer
(EMAT) operating in the resonance mode with the use of through-pass sensors. The zero symmetric
mode of longitudinal normal elastic waves was employed. The external polarizing constant magnetic field,
which was created by an electromagnet and directed along the sample axis, was selected for each sample
separately from the maximum of the EMAT-signal amplitude when in resonance. In this case, the error
in determining the propagation speed of elastic waves was no more than 2%.

RESULTS AND DISCUSSION
Figure 1 presents the EBSD maps of longitudinal thin sections for some of the samples studied. It can be

seen that steel in as received state has the structure of granular pearlite with average grain and subgrain sizes
of 20 and 4 μm, respectively. Increase in true deformation gives rise to the dispersion of the material structure
so that at е = 2.19 the average grain size drops to 0.4 μm, while the average size of the subgrains diminishes
to 0.24 μm. It should be noted that for е greater than 1.62 (the extrudate dimeter of less than 8 mm), the

1 Deformation was carried out in the laboratory of high-pressure physics at the Mikheev Institute of Physics of Metals, Ural
Branch, Russian Academy of Sciences.

2 The research was conducted at the Institute of Metals Superplasticity Problems, Russian Academy of Sciences.
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structure exhibits a certain amount of nonequiaxed grains that are substantially larger along the axis than in
the transverse direction.

It is known [16] that drawing (compaction, uniaxial tension) in metals with BCC structure results in
the formation of an axial single-component crystallographic texture of  type. X-ray diffraction exam-
ination showed that a similar structure is present in the rods even in the initial state, prior to extrusion: the
intensities of X-ray reflexes with the same indices differ two times in the diffraction patterns from the lon-
gitudinal and transverse thin sections. After the first compaction pass, the degree of texturization grows,
with the ratio of the intensities of diffraction maxima with the same indices reaching 10 times. However,
further compaction passes leave the ratio of the intensities of X-ray reflexes intact, i.e., the degree of tex-
turization of the material does not change.

It was demonstrated in [17], where the dislocation structure of the same samples as the ones used in the
present paper was studied, that increasing e from 0 to 1.62 (extrudate diameter 8 mm) increases the density
of free dislocations from 3 × 1010 to 8 × 1010 cm–2, while at the last extrusion stage (∅8 mm → ∅6 mm) the
dislocation density drops to 4 × 1010 cm–2, that is, almost to its value in the initial state. The fact that the den-
sity of free dislocations decreases during the last extrusion stage is confirmed by an increase in the size of
coherent-scattering domains (those domains in the material that scatter X-rays as an ideal crystal, i.e., flaw-
less domains) as the true-deformation extent grows from 1.62 to 2.19. It was suggested in [17] that decrease
of the dislocation density at the last extrusion stage occurs due to the development of continuous dynamic
recrystallization.

Metallographic studies showed that extrusion is accompanied by a decrease in the content of cementite
in the structure of U8A steel, but carbide particles remain in the structure of the studied samples even for
the maximum true-deformation value. Deformational dissolution of cementite in carbon steels has been
described by V.M. Schastlivtsev (see, for example, [18]). Studying the saturation magnetization of the
samples showed that the value of Ms remains constant to within the error, a fact that indicates the stability
of the phase composition of U8A steel.

Figure 2 shows dependences of the physical characteristics of the studied samples on the true deforma-
tion. It can be seen that as e increases to 1.62, the coercive force grows linearly almost twofold, the maxi-
mum magnetic permeability increases by 1.5 times, and the residual induction goes up by approximately
15%. The propagation speed of elastic waves V and the number N of Barkhausen jumps also varies mono-
tonically within this interval of true deformations (see Fig. 2b). During the last extrusion pass, i.e., when
e increases from 1.62 to 2.19, Hc and N decrease, while μmax, Br, and V increase. Extrema around the true-
deformation extent of approximately 1.62 are thus formed on the dependences Hc(e), N(e), μmax(e), Br(e),
and V(e). Unlike other magnetic parameters, the root-mean-square MBN voltage U behaves differently,
namely, the first deformation pass (е = 0.81) only slightly affects the value of U, but then, as е increases to
2.19, it monotonically grows by more than 2 times.

The behavior of the magnetic characteristics of extruded U8A steel and the speed of elastic waves in it
are primarily influenced by the following factors: the density of free dislocations, the dispersion of struc-
ture, fine-dispersed inclusions (cementite particles), and the crystallographic texture and nonequiaxed-
ness of grains. It follows from the model notions about the effect of structural properties on magnetic
parameters that the coercive force is proportional to the square root of the dislocation density [19],

110

Fig. 1. EBSD maps of the microstructure of U8A steel in the initial and post-extrusion states (longitudinal thin sections):
(a) initial state (average grain size 20 μm), (b) true deformation 1.62 (average grain size 1.2 μm), (c) true deformation 2.19
(true grain size 0.4 μm).

(а) (b) (c)20 μm 20 μm 20 μm
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inversely proportional to the average grain size and the square root of the subgrain size [20], and propor-
tional to the volume concentration of inclusions [21]. The axial crystallographic texture with the texture
axis  facilitates magnetization along the extrudate axis as compared to the material with isotropic
structure [22]. The nonequiaxedness of grains also promotes magnetization in the grain elongation direc-
tion; however, this will have any appreciable effect if the number of such elongated grains is large while
the ratio of their sizes in the longitudinal and transverse directions is much greater than 2 [23].

It follows from these peculiarities of the structure of extrudates that the nonequiaxedness of structural
elements, the axial crystallographic texture, and the cementite particles do not produce any significant
effect on the values of the magnetic parameters being determined and on the propagation speed of elastic
waves. A critical role in the formation of the level of physical characteristics is played by such parameters
of the structure as the density of free dislocations and the dispersion of structural elements. As mentioned
above, the grain and subgrain structure refinement takes place over the entire range of variation of true
deformation. This should lead to a monotonical change of the studied physical parameters with the true
deformation extent. However, the dependences Hc(е), N(е), μmax(е), Br(е), and V(е) exhibit an extremum.
The only structural parameter that varies nonmonotonically with e is the density of free dislocations. The
maximum in the density of free dislocations is observed at е = 1.62, a value that corresponds to the posi-
tion of the extrema on the dependences Hc(е), N(е), μmax(е), Br(е), and V(е). This can be explained by the
fact that a decrease in dislocation density at the last stage of extrusion is accompanied by facilitation of
magnetization-reversal processes, thus reducing the coercive force and the number of MBN jumps and
increasing the maximum magnetic permeability and residual induction. Therefore, we can draw a conclu-
sion that such parameters as Hc, N, μmax, Br, and V are more sensitive to changes in the density of free dis-
locations than to changes in the dispersion of the grain and subgrain structure of extruded U8A steel.

Among the physical parameters that we determined, the only one that changed monotonically with
true deformation increasing was the root-mean-square MBN voltage. As e grows from 0 to 1.62 due to the
dispersion of structure and the increase of the density of free dislocations, i.e., due to an increase in the
number of obstacles to the movement of domain walls as samples are magnetized, the number of Barkhau-
sen jumps increases, with the root-mean-square MBN voltage also increasing so that the e.m.f. generated
in one jump remains approximately constant. At the last extrusion stage, a certain drop in the number of
Barkhausen jumps is observed, while the value of U increases more than over all the previous stages of
deformation. This can be explained by a twofold reduction in the density of free dislocations in the mate-

110

Fig. 2. Dependences of the magnetic characteristics and the propagation speed of elastic waves on the true deformation
extent for extruded U8A steel.
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rial as the true deformation extent increases from 1.62 to 2.19. The body of grain thus frees itself from
flaws, while the distance that the domain wall covers from one obstacle to another and the speed of move-
ment of domain walls (hence, the generated e.m.f.) increase. This hypothesis is confirmed by the growth
of the maximum magnetic permeability at the last extrusion stage.

The mechanical characteristics of the studied samples are listed in Table 1. The strength properties of
U8A steel vary monotonically as true deformation grows, viz., the ultimate strength has increased by a fac-
tor of 1.5 and the conventional yield limit has grown by 2.6 times even after the first extrusion pass, with
both of them growing further during the subsequent passes. The strength properties of the material are
influenced by the same structural parameters as the magnetic characteristics. Given the above, one can
assume that such structural parameters as the nonequiaxedness of grains and subgrains, the axial crystal-
lographic texture, and the cementite inclusions do not have any significant effect on the strength proper-
ties of extruded U8A steel, similar to the physical properties. The other structural parameters that have
been considered do produce an immediate effect on the strength characteristics. For example, it is known
that the strength characteristics of a material are proportional to the square root of dislocation density [24]
and inversely proportional to the square root of the size of structural elements [25]. As the ultimate
strength and conventional yield limit do not change monotonically as true deformation grows, a conclu-
sion can be drawn that unlike the magnetic characteristics, the strength characteristics are influenced
prevalently by the dispersion of structure, while the density of dislocations plays a secondary role. The
growth of σ0.2 and σu is accompanied by a decrease in the failure elongation and an increase in the σ0.2/σu
ratio. The latter fact indicates exhaustion of the reserve of strain hardening of materials and increased risk
of their brittle failure. The hardness of U8A steel increases after the first hydrostatic compaction pass from
HRB 85 to HRB 100, and then hardly changes.

As the values of σu and σ0.2 of extruded U8A steel change monotonically as the true deformation
extent increases (see Table 1), whereas most dependences of physical parameters on e exhibit extrema,
it is clear that that there is no one-to-one relationship between strength properties and these physical
parameters. Figure 3 shows dependences of the magnetic characteristics and the propagation speed of
elastic waves on the ultimate strength of extruded U8A steel. Dependences of the physical characteris-
tics of extruded U8A steel on its conventional yield limit are similar to those shown in Fig. 3. It can be
seen that up to σu ≅ 1170 MPa (a value that corresponds to the true deformation of 1.62), the coercive
force, the maximum magnetic permeability, the residual induction, the number of Barkhausen jumps,
and the propagation speed of elastic waves vary unambiguously as the ultimate strength increases. With
the further increase of σu from 1170 to 1330 MPa (i.e., increase of e from 1.62 to 2.19), the values of Hc
and N decrease, while those of μmax, Br, and V increase. Of the studied physical parameters, the only
one that changes monotonically as the ultimate strength increases is the root-mean-square MBN volt-
age. However, when σu increases from 590 to 940 MPa (which corresponds to a cumulative-deforma-
tion range of 0—0.81), the root-mean-square MBN voltage changes slightly and only after that,
increases by more than 2 times.

These results indicate the necessity of using two-parameter nondestructive testing of the strength
properties of U8A steel hardened by severe plastic deformation by hydrostatic extrusion, the parameters
being coercive force (or maximum magnetic permeability, residual induction, the propagation speed of
elastic waves) up to the true-deformation extent of 1.62 and the root-mean-square voltage of magnetic
Barkhausen noises for larger deformations.

Table 1. Mechanical properties of U8A steel subjected to SPD by hydrostatic extrusion.

True deformations 
(extrudate diameter)

σu, MPa σ0.2, MPa σ0.2/σu δ, %

 0 (∅18 mm) 590 325 0.55 14.0

0.81 (∅12 mm) 940 860 0.92 1.5

1.17 (∅10 mm) 1050 960 0.92 1.2

1.62 (∅8 mm) 1170 1120 0.96 0.9

2.19 (∅6 mm) 1330 1170 0.89 1.2
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CONCLUSIONS
Cold plastic deformation by hydrostatic extrusion leads to the dispersion of the structure of U8A high-

carbon steel, viz., the grain size monotonically decreases from 20, in the initial state, to 0.4 μm for the
true-deformation extent of 2.19, while the average size of subgrains reduces from 4 to 0.24 μm.

It has been shown that extrusion results in a monotonical growth of the ultimate strength and conven-
tional yield limit of U8A steel by 2 and 3.6 times, respectively.

It has been established that such parameters as coercive force, the number of magnetic Barkhausen
noise jumps, maximum magnetic permeability, residual induction, and the propagation speed of elastic
waves are more sensitive to changes in the density of dislocations than to the dispersion of the grain and
subgrain structure of extruded U8A steel.

Dependences of the physical parameters on the strength characteristics of eutectoid steel hardened by
hydrostatic extrusion are nonmonotonical, and at least two informative testing parameters are needed for
nondestructive evaluation of its strength properties, viz., coercive force (or maximum magnetic permea-
bility, residual induction, the number of Barkhausen jumps, the propagation speed of elastic waves) up to
the true deformation extent of 1.62 and the root-mean-square voltage of magnetic Barkhausen noises for
true deformations above 1.62.
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