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INTRODUCTION

It is well-known that the structure and properties
that are formed upon deformation of metals are deter-
mined to a great extent by the states of stress and strain
and the regimes of deformation and that the most strong
effects are observed when using severe plastic deforma-
tion (SPD) [1–5]. Development of the SPD methods—
torsion under quasi-hydrostatic pressure (high-pressure
torsion (HPT)), equal-channel angular pressing
(ECAP), and multiple forging—allowed one to reach
high degrees of deformation without final changes in
the shape of workpieces and to obtain massive samples
with ultrafine-grained (UFG) structure and unique
physical and mechanical properties [1].

Comparatively recently, a new SPD method was
suggested—twist extrusion (TE); it differs from the
known methods in both the states of stress and strain of
a workpiece and in its technological possibilities [6, 7].
In particular, TE can be realized using hydroextrusion
setups [6] to obtain long-dimension high-precision
shaped profiles (including cylinders with an axial chan-
nel), which are most efficient types of metal semiprod-
ucts in machine building [8–10]. No other known SPD
methods permit one to obtain products of such type.

The TE process ensures accumulation of large
deformations in metals, substantially refines their struc-
ture, and significantly improves mechanical character-
istics [11], but, at the same time, leads to the appear-
ance of strong anisotropy of properties, which is fre-
quently undesirable [12].

It is known that the anisotropy caused by one type of
deformation can be eliminated by another type of
deformation. In this connection, it is important to inves-

tigate the possibility of improvement of mechanical
properties of workpieces subjected to TE by means of
their subsequent deformation different from TE. For
long-dimension profiles this may be, for example, roll-
ing or hydroextrusion. The main type of deformation in
these processes is elongation of the profile along its
axis, whereas the main type of deformation upon TE is
simple shear in the plane perpendicular to the extrusion
axis.

The aim of this work is to study the microstructure
and anisotropy of mechanical properties of commer-
cially pure titanium VT1-0 upon two-stage cold defor-
mation. At the first stage, the samples were subjected to
TE [6, 7, 11, 13], which made it possible to reach high
degrees of deformation. After TE, templates cut from
these samples were cold-rolled in flat rolls.

Titanium was chosen as the material for the investi-
gation because of its great practical importance and the
need for enhancement of its strength properties.
Besides, there is already a considerable number of pub-
lications on titanium, which allows one to compare its
structure and properties after SPD by different methods
[2–5, 12].

EXPERIMENTAL
As the material for the investigation, we chose a hot-

rolled rod 

 

∅

 

20

 

 × 

 

100

 

 mm of commercially pure VT1-0
titanium containing (wt %) 0.12 O, 0.01 H, 0.04 N, 0.07 C,
and 0.18 Fe. According to the material certificate, the
presence of aluminum to 0.3 wt % is possible in the
heat, but its content in the rod has not been determined.

The twist extrusion is one of new processes of metal
forming used at present for obtaining UFG structures in
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—Microstructure and mechanical properties as well as thermal stability of commercially pure tita-
nium VT1-0 subjected to severe plastic deformation by twist extrusion (TE) were studied before and after low-
temperature annealing and cold rolling. TE leads to a refinement of structural fragments to sizes of less than
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m, enhancement of strength, and the appearance of strong anisotropy of mechanical properties. Subsequent
low-temperature annealing increases plasticity of the deformed titanium, retaining its enhanced strength. A
combined treatment (TE and rolling) results in an additional refinement of the microstructure, which remains
thermally stable to 300–350
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C, and changes the anisotropy of mechanical properties.
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metals by SPD methods [6, 7, 11–13]. In this method, a
prismatic workpiece is forced through a die with a heli-
cal channel (Fig. 1). As a result, the material experi-
ences deformation that changes its structure and prop-
erties but retains the cross-sectional dimensions and
shape of the workpiece unaltered, which makes it pos-
sible to perform multiple extrusions to accumulate high
degrees of deformation.

Among different SPD methods, ECAP is closest to
TE in technological features, but the states of stress and
strain of metal in these processes differ substantially. It
was shown in [6, 11] that, to a first approximation, a
simple shear of deformed material in the plane perpen-
dicular to the extrusion axis occurs at the entrance into
the helical part of the die. In this case, the character and
distribution of deformation over the workpiece’s cross
section are similar to those that are realized in the
scheme of high pressure torsion of disk samples. At the
exit from the helical part of the die, the deformed state
of metals is analogous to that at the entrance but with
the components of the strain-rate tensor that are oppo-
site in sign [6, 11].

According to [11, 14], a simple shear in narrow lay-
ers, as compared to other types of deformation, is most
efficient for the formation of UFG structures; and cyclic
deformation, according to [15], provides a higher plas-
ticity in comparison with monotonic deformation. On
the whole, this points to the twist extrusion as a prom-
ising method for obtaining UFG materials.

In [11], the following relationships for the greatest

 

ε

 

i

 

max

 

 and the least 

 

ε

 

i

 

min

 

 values (within the workpiece
cross section) of the degree of deformation 

 

ε

 

i

 

 after one
pass upon TE were derived:

 

(1)

 

The degrees of deformation at the quasi-monotonic
(entrance and exit) parts are half as high as those calcu-
lated by formulas (1).

Several schemes can be employed to realize TE
[6, 11]. In this work, the scheme of hydromechanical
twist extrusion (Fig. 2) was used, in which the work-
piece together with the die are in the medium of a high-
pressure working liquid. This allows one to enhance the
technological plasticity of the deformed metal and to
increase the intensity of fragmentation [11, 14–18]. An
I-20 commercial oil was used as the working liquid.
The hydrostatic pressure in the container was equal to
700 MPa.

The deformation was effected at room temperature
on a setup for hydromechanical twist extrusion of the
vertical type with a container’s working chamber
50 mm in diameter that was designed for operative
pressures to 1500 MPa and was mounted at the base of
a hydraulic press with an operating force of 4000 kN.
The helical die had a cross section of 

 

14

 

 × 

 

16

 

 mm, and
the inclination of the helix channel to the pressing axis

εi max βmaxtan ;=

εi min 0.4 0.1 βmaxtan .+=

 

was 

 

β

 

max

 

 

 

≈

 

 60°

 

. At such parameters of the hardware,
according to (1), the deformation per pass that was
averaged over the workpiece cross section was 

 

ε

 

i

 

a

 

v

 

 =
0.5(
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i

 

min

 

 + 

 

ε

 

i

 

max

 

)

 

 = 1.15, which is equal to the deforma-
tion per pass upon ECAP with a right angle between
channels [14]. The strain rate in this case was on the
order of 0.5 s

 

–1

 

.
The titanium workpieces with dimensions of 

 

70

 

 ×

 

14 

 

× 

 

16

 

 mm were first subjected to a threefold cold
twist extrusion, which made it possible to produce a
highly refined structure in them [12]. The total degree
of strain after TE was equal to 

 

ε

 

i

 

av

 

 

 

≈ 

 

3.45

 

.
Plates with dimensions of 

 

30

 

 ×

 

 15 

 

×

 

 5

 

 mm were cut
in the longitudinal direction from the middle part of the
workpiece that underwent deformation by TE. The
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Fig. 1.

 

 Scheme of twist extrusion.

 

Fig. 2.

 

 Setup for hydromechanical twist extrusion (sche-
matic): 

 

1

 

, workpiece; 

 

2

 

, helical die; 

 

3

 

, plunger; 

 

4

 

, schematic
of the helical channel of the die; 

 

5

 

, container;

 

 6

 

 and

 

 7

 

, two
high-pressure chambers connected together; 

 

8

 

, valve;

 

9

 

, rod; and 

 

10

 

, auxiliary bushing.
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plates were rolled in the extrusion direction in cylindri-
cal rolls 100 mm in diameter in a few passes to a thick-
ness of 2.5 mm. The total degree of deformation upon
rolling was 

 

ε

 

i

 

 ≈

 

 0.70

 

 (reduction to 50%).
The titanium microstructure was analyzed with the

help of a Neophot-32 optical microscope at magnifica-
tions to 2000 times (observation of the structure at high
magnifications was realized using an immersion objec-
tive) and a JEM-100C transmission electron micro-
scope. The electron diffraction patterns were taken
from an area of 2 

 

µ

 

m

 

2

 

. The average size of structural
elements (grains, fragments, etc.) was calculated by the
intercept method from dark- and bright-field images.

To carry out tensile mechanical tests before and
after extrusion of the rod, as well as after rolling, plates
0.7 mm thick whose plane coincided with the extrusion
direction were cut from the rod. Then, flat dumbbell-
shaped specimens 

 

0.7 

 

×

 

 1

 

 mm in cross section with a
gage length of 5 mm were spark-cut along and across
the rolling direction. The tensile tests were conducted at
room temperature on an Instron testing machine at a
velocity of the cross arm of 0.5 mm/min (strain rate

 

1.6 

 

×

 

 10

 

–3

 

 s

 

–1

 

). The average values of mechanical prop-
erties were determined using three specimens for each
state.

After annealing in a temperature range of 

 

100–
700°ë

 

 for 1 h, microhardness measurements were per-
formed in order to analyze the thermal stability of tita-
nium obtained using a combination of TE and cold roll-
ing. The microhardness was measured on a plate sam-
ple (after rolling in the longitudinal and transverse
directions relative to the rolling axis) using a PMT-4
microhardness tester at a load of 100 g for 15 s.

RESULTS ND DISCUSSION

 

Workpieces As-Observed after TE 

 

After TE, defects such as distortions of the shape of
the end parts, incomplete filling of the cross section of
the die channel, twist of a workpiece about the extru-
sion axis, and its fracture because of the exhaustion of

the reserve of plasticity can be observed. The majority
of these defects are related to the insufficient counter-
pressure [11]. In this work, the level of counterpressure
was high enough (on the order of the yield strength of
titanium) to eliminate fracture of the metal and distor-
tion of the shape in the middle part of workpieces in the
course of three passes through the helical die. The real-
ization of the fourth pass without a preliminary anneal-
ing resulted in fracture (recall that the deformation was
performed at room temperature).

Since the counterpressure was effected by a liquid
rather than a rigid punch, some faceting of the vertices
was observed at the end parts of the workpieces [11].
These defects propagated along the workpiece axis for
a length of about 5–7 mm from each butt end.

The length of inhomogeneous parts of workpieces
upon straight (conventional) extrusion is on the order of
the diameter of the cross section of the die channel [8].
For this reason, in spite of the fact that defects of the
shape of workpieces propagated for a length of no more
than 5–7 mm, segments 15 mm long were cut away
from each butt end to ensure elimination of the end
effects.

 

Microstructure 

 

Figures 3 and 4 display micrographs and diffraction
patterns of titanium in the initial state as well as after
TE with one and three passes. In the recrystallized
structure of the initial titanium (Figs. 3a, 3b), equiaxed
grains with an average size of 20 

 

µ

 

m and a small
amount of nonmetallic inclusions are present in the lon-
gitudinal and transverse sections. Dislocation density
inside the grains is low, and some grains in the longitu-
dinal section contain deformation twins (Fig. 3b).

Analysis of the microstructure of titanium after TE
shows that with increasing number of passes and
amount of accumulated deformation, the degree of
dimensional uniformity of structural elements
(grains/subgrains) grows and their characteristic size 
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in the longitudinal and transverse sections of the speci-
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Fig. 3.

 

 Microstructure of the initial titanium in (a) transverse and (b) longitudinal sections.
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men decreases sharply. In the initial state, the average
size is 

 

d

 

 

 

≈

 

 20

 

 

 

µ

 

m (Fig. 3); after one and three passes, 

 

d

 

 

 

≤

 

10

 

 

 

µ

 

m (Fig. 4a) and 1 

 

µ

 

m (Figs. 4b–4d), respectively.

In the transverse section of the specimen the struc-
ture elements are elongated in the radial direction,
whereas in the longitudinal section the structure is of a
vortical character. Apparently, this is connected with
the fact that structural elements in the form of radially
arranged “rollers” are formed upon severe alternating-
sign shear. This problem calls for an additional investi-
gation.

After TE with three passes a one-dimensional
banded structure of the dislocation–disclination type
arises in the longitudinal section [19]. Orientation of

the bands corresponds to the tangential direction, and
the maximum ratio of the length of the band to its width
is 10 : 1 (Fig. 4d). The diffraction pattern corresponds
to a single-crystal structure and confirms the absence of
grained structure. The nonuniform diffraction contrast
inside the bands and the diffuseness of the boundaries
of structural elements indicate high internal stresses,
which is characteristic of severely deformed materials.
Note also that after one pass the number of twins that
are typical of a coarse-grained titanium in the as-deliv-
ered state abruptly decreases (Fig. 4a), and after three
passes they are not observed even at a high magnifica-
tion (Fig. 4d). This may point to the fact that, instead of
twinning, dislocation slip becomes the main operative
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Fig. 4.

 

 Microstructures and selected-area diffraction patterns of titanium: (a) TE (one pass); (b–d) TE (three passes); (e) TE (three
passes) and rolling; (a, b) transverse section; (c–f) longitudinal section; (e, f) bright and dark fields, respectively.
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mechanism of plastic deformation in the TE process at
the stage of the formation of a UFG structure.

Cold rolling of titanium after TE results in an addi-
tional refinement of the alloy structure and the forma-
tion of a cellular substructure with an enhanced density
of subboundaries as evidenced by a significant increase
in the number of reflections and by the formation of
concentric rings in the electron diffraction pattern
(Fig. 4e) as compared to Fig. 4d.

 

Microhardness and Mechanical Properties 

 

In order to determine the degree of structural anisot-
ropy in different sections before TE, after TE, and after
TE with subsequent rolling, we measured microhard-
ness in the longitudinal and transverse directions rela-
tive to the extrusion axis (Table 1). It is seen that no
anisotropy of microhardness is observed in the as-
delivered state. The anisotropy manifests itself after TE
with three passes and is absent after subsequent cold
rolling. The anisotropy of microhardness and strength
in this case is qualitatively coincident: microhardness
in the longitudinal direction is smaller by 20% than in
the transverse direction on the butt end of the plate.
However, the microhardness in the other transverse
direction in the plane of the plate is markedly smaller.
Higher values of microhardness in the transverse direc-

tion on the butt end of the plate are associated with a
greater degree of torsional deformation at the periphery
than at the center of the sample.

In the initial state, as follows from Table 2, the
strength properties in the longitudinal and transverse
directions are virtually the same. This indicates the isot-
ropy of mechanical properties and the absence of crys-
tallographic texture in coarse-grained titanium, which
corresponds to the type of structures shown in Fig. 3. A
difference in the elongation to failure in both directions
can be connected with the anisotropy of the shape of
grains that exists in the initial titanium.

After severe plastic deformation by TE, a marked
change in the mechanical properties of titanium also
occurs along with a noticeable refinement of the micro-
structure. It is seen that TE leads to a selective enhance-
ment of strength properties and to the appearance of a
significant anisotropy of strength and plasticity that
does not exist in the as-delivered state. In the longitudi-
nal direction, for example, the ultimate tensile strength
remained unaltered, the elongation to failure decreased
slightly, and the yield strength increased by 25% as
compared to the initial state. In such a situation, a post-
deformation low-temperature annealing at 300

 

°

 

C for
1 h affected the strength but increased the elongation to
failure. This is consistent with the known fact that such
a regime of annealing results only in the relaxation of

 

Table 1. 

 

 Mechanical properties of titanium after TE, subsequent annealing, and cold rolling

State Direction of tests relative 
to the extrusion axis

 

σ

 

u

 

, MPa

 

σ

 

0.2

 

, MPa

 

δ

 

, %

 

H

 

V

 

, MPa

As-delivered Longitudinal 505 375 36 1800

Transverse 500 360 46 1850

TE (three passes) Longitudinal 505 463 31 2300

Transverse 835 765 17 2800*

2400**

TE (three passes) + 1-h annealing Longitudinal 500 441 37.5 –

Transverse 865 737 37.5 –

TE (three passes) + cold rolling
(reduction 50%)

Longitudinal 780 750 30 2700

Transverse 795 760 27 2750*

3300**

 

  * Butt end of plate.
** Plane of plate.

 

Table 2.  Mechanical properties of titanium obtained by different SPD methods

SPD method TSPD, °C Degree of deformation PSPD, GPa Direction of tension σu, MPa σ0.2, MPa

HPT [2] 20 5 rev., ε = 5 5 Transverse to the twist axis 950 790

TE 20 Three cycles, ε = 3.45 0.75 Transverse to the extrusion axis 835 765

Along the extrusion axis 505 463

ECAP [3] 450–400 Eight cycles, ε = 9.2 1.2 Transverse to the pressing axis 805 765

Along the pressing axis 710 640
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stresses without recrystallization-related growth of
grains [3].

In the direction perpendicular to the workpiece axis,
the ultimate strength and the yield strength of titanium
increased to a greater extent: by 67 and 112%, respec-
tively. The postdeformation low-temperature annealing
led to insignificant (within the measurement error)
changes in the strength properties and to an unexpect-
edly sharp enhancement of the plasticity. Thus, as a
result of annealing, the elongation to failure δ in the
transverse direction increased by a factor of more
than two.

Structural data available to date are insufficient to
draw conclusions regarding the factors that are respon-
sible for such a selective change in the strength and
ductility of titanium. One cause for an abrupt enhance-
ment of the strength of deformed titanium in the trans-
verse direction may be the formation of sharp crystallo-
graphic and metallographic texture and its dependence
on the conditions of deformation and subsequent
annealing. Thus, it was shown in [3] that in titanium
subjected to ECAP there forms a texture in which nor-
mals to the basal planes are predominantly located in
the direction transverse to the pressing axis and the ulti-
mate strength and the yield strength in this direction are
higher than in the longitudinal direction.

It is also undoubtful that the alternating-sign nature
of deformation and the simple mode of shear along the
planes orthogonal to the workpiece axis make their
contributions to the formation of structure and mechan-
ical properties. Indeed, according to [11, Ch. 1], the
alternating-sign torsion of a sample only slightly affects
the yield strength along the torsion axis. At the same
time, an intense simple shear at the insufficiently high
level of hydrostatic pressure may give rise to the forma-
tion of vacancies and layers of incipient micropores
that reduce plasticity in the direction orthogonal to the
shear plane. The role of postdeformation annealing in
this case is in the elimination of defects and enhance-
ment of plasticity.

It is of interest to compare mechanical properties of
titanium processed by different SPD methods (TE,
ECAP [3], and HPT [2]) which are based on the defor-
mation scheme of simple shear (see Table 2). This com-
parison shows that the most high-strength state of tita-
nium is formed in the process of deformation by HPT,
which is connected with a stronger grain refinement (to
80 nm). The level of strength properties of titanium
obtained by the methods of ECAP and TE is apprecia-
bly lower. They are very close in the transverse direc-
tion (are equal to 800–835 and 765 MPa for the ulti-
mate strength and the yield strength, respectively). At
the same time, the degree of anisotropy in titanium pro-
duced by ECAP is considerably smaller than in tita-
nium produced by TE. This is associated with the loca-
tion of the plane of intense shear upon ECAP (with a
right angle between channels) at an angle close to 45°
to the workpiece axis. Unfortunately, it is impossible to

correctly compare plasticity characteristics because of
different dimensions of the samples tested.

It follows from the analysis performed in [11] that
the mechanical properties of metals after TE can be
improved by using a comparatively small additional
deformation of workpieces differing from torsion about
their axes. First, this may lead to an intense strengthen-
ing of the material. Second, this may result in a partial
healing of incipient micropores and in an enhancement
of plasticity (especially if the additional deformation
occurs at a sufficiently high level of hydrostatic pres-
sure). The results of tensile tests of the specimens of
VT1-0 titanium after TE and subsequent cold rolling
confirm this supposition.

It is seen from Table 2 that cold rolling after defor-
mation by TE markedly increases strength characteris-
tics in the longitudinal direction, making them be closer
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Fig. 6. Dependence of the microhardness of titanium after
three passes of twist extrusion and cold rolling to 50% on
the annealing temperature at an annealing time of 1 h.

Fig. 5. Engineering stress–strain curves for titanium (1) in
the as-delivered state, (2) after TE, and (3) after TE + roll-
ing; transverse direction.
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to those in the transverse direction. It is important to
note that elongation in the transverse direction likewise
increases strongly due to cold rolling and reaches that
observed in the longitudinal direction. As a result, the
anisotropy of the strength and plasticity characteristics
virtually disappears as compared to the state before
rolling, which indicates a high potential of the chosen
combination of deformation treatment.

Figure 5 displays engineering stress–strain tensile
curves of titanium in the direction transverse to the
extrusion axis in the initial and deformed states. The
basic distinction of the mechanical behavior of titanium
in the state after TE (curve 2) is a shortening of the
stage of strain hardening and, correspondingly, a
decrease in the uniform elongation as compared to the
as-delivered state (curve 1). In titanium after TE, elon-
gation in the specimen neck is dominant in comparison
with the uniform elongation, which reduces the total
elongation to failure (see Table 1). This fact is related to
specific features of the dislocation mechanism of defor-
mation in UFG materials and is typical of many metals
obtained by SPD [1]. However, additional rolling of
titanium after TE favors the enhancement of the uni-
form and total elongations and is accompanied by only
a weak softening. In this case, apparently, the determin-
ing factors are not only the grain size but also the crys-
tallographic texture, which changes upon the rolling.
The enhancement of the texture upon rolling is indi-
rectly evidenced by a sharp increase in the microhard-
ness (from 2400 to 3300 MPa) measured in the plane of
the plate in the direction of its thickness (see Table 1).

Thermal Stability 

Figure 6 shows the variation of the microhardness of
titanium after TE and cold rolling as a function of the
annealing temperature. It is seen that with a rise in the
annealing temperature to 200°ë, the microhardness
increases and reaches a maximum value. With a further
increase in the annealing temperature, the microhard-
ness gradually decreases to values close to those for the
initial undeformed state. The dependence obtained sug-
gests that the structural state of deformed titanium
remains thermally stable to temperatures of 300−350°ë
upon holding for 1 h.

Note that the behavior of the curve obtained differs
from the typical temperature dependence upon heating
for deformed pure metals characterized by the absence
of the stage of strengthening. The existence of strength-
ening can indicate the process of artificial aging, which
is possible in a commercially pure titanium because of
the presence of an appreciable amount of impurities in
it. In the course of TE and rolling, some interstitial and
substitutional impurities may dissolve in α titanium,
which was already observed in the VT1-0 samples sub-
jected to SPD by torsion [17]. Subsequent heating to
relatively low temperatures (200°ë) is able to cause the
decomposition of solid solution and precipitation of
strengthening dispersed particles. A further elevation of

the annealing temperature to 500°ë results in relax-
ation of elastic stresses, coarsening of precipitated par-
ticles, and a weak growth of grains, which brings about
a decrease in the microhardness, whose level, however,
remains high enough. A noticeable drop in the micro-
hardness occurs at temperatures above 500°ë, when the
processes of recrystallization-induced grain growth
become dominant.

CONCLUSIONS

(1) The effect of a combined treatment (severe plas-
tic deformation by twist-extrusion and subsequent cold
rolling) on the structure, mechanical properties, and
thermal stability of massive workpieces of VT1-0 tita-
nium was studied. Twist extrusion causes a refinement
of structural fragments to submicron sizes, an enhance-
ment of strength characteristics, and the appearance of
a significant anisotropy of strength properties in the
longitudinal and transverse directions of the samples.

(2) Subsequent cold deformation, for example, roll-
ing, can serve as an efficient tool for the elimination of
the anisotropy of mechanical properties. The commer-
cially pure titanium that was deformed using cold twist
extrusion and rolling manifests an aging effect upon
heating. The structural state of titanium after combined
treatment is thermally stable to temperatures of 300–
350°ë.
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