ISSN 1027-5495. Functional Materials, 29, No.1 (2022), p. 81-92.
doi:https://doi.org/10.15407/fm29.01.81 © 2022 — STC TInstitute for Single Crystals”

Influence of twist extrusion and thermal
action on texturing and properties of titanium

V.V.Usovl, N.M .Shkatuliakl, Ye.S.Savchukl, N.I .Rybakl,
D.V.Pavlenkoz, D.V.Tkachz, o.M .Khavkina2

1South Ukrainian National Pedagogical University named after
K.Usyinsky, 26 Staroportofrankovskaya Str., 65020 Odesa, Ukraine
2Zaporozhye Polytechnic National University, 64 Zhukovskogo Str,
69063 Zaporozhye, Ukraine

Received July 7, 2021

Changes in the elastic modulus, hardness, and ultimate strength of commercially pure
titanium (Titanium Grade 2) were studied depending on the direction of severe plastic
deformation and subsequent heat treatment of the sample. Severe plastic deformation
(SPD) was performed by twist extrusion. Heat treatment was carried out by annealing in
the temperature range of 200-400°C with an interval of 50°C. The use of SPD led to the
grain refinement to an average size of 200...500 nm from 150...8300 um in the initial
state. The change in physical and mechanical properties was associated with the develop-
ment of a crystallographic texture represented by the Kearns texture parameters, which
show the degree of coincidence of the c-axes of the crystalline hexagonal cell of grains
with a given geometric direction in a polyerystalline material. The texture of the samples
was investigated using the X-ray method by constructing reverse pole figures. It has been
shown that the anisotropy of th e elastic modulus after SPD was about 14.0 % . With an
increase in the annealing temperature, the anisotropy decreased. After annealing at 250°C,
the Kearns texture parameters had the closest values corresponding to the tex ture less
state. With a further increase in the annealing temperature, the anisotropy of the elastic
modulus increased; after annealing at 400°C its value was 16.42 %. Based on the empiri-
cal ratios of hardness and strength of single crystals in titanium of technical purity, the
values of the ultimate strength and yield strength of a titanium single crystal along its
hexagonal axis and in the direction perpendicular to it were found. The anisotropy
coefficients of the ultimate strength and yield streng th of titanium after SPD were
determined. The regularity of their change in connection with the temperature of the
subsequent annealing was established.

Keywords: titanium, severe plastic deformation, twist extrusion, heat treatment, crys-
tallographic texture, pole figure, anisotropy, elastic modulus, ultimate strength, hardness.

Bnaue rBUHTOBOI JKCIPY3HH Ta TEMIIEPATyPH HA TEKCTYPOYTBODEHHH H BJIACTHBOCTI
turana. B.B.Ycos, H.M.Illkamynrarx, E.C.Casuyrx, H.H.Pubar, [].B.Ilasnenrxo, [[.B.Trau,
O.M.Xasxvina

HocaimxyBann sMiHU MOZYZIA NPYMKHOCTL, TBepmocTi # Mexi minzoceTi TexHiuHO uMCTOrO
turany (Titanium Grade 2) samekno Bix HanpAMKYy B 8pasky, HiggaHoro inTeHcmBHOI mJac-
tuuHoi medopmartii (ITL) & macTynHOi TepMiuHol 06pobKU. IHTEeHCUBHY NIACTUYHY BUKOHY-
Bamu MeToZoM TIBUHTOBOI excTpysii. Tepmiumy o6pobOKy BUKOHYyBANN IIJIAXOM Bigmamy B
nianmasoni remmeparyp 200-400°C c¢ imrepBanom B 50°C. BacrocyBanus ITII mpusBeso mo
3npibHIOBAHHSA B3epeH Bix cepeguboro posmipy 150 300 mMrM y Buxigmomy craHi mo
200...500 am. 3mina ¢isruHmMxX i MexXaHIYHUX BJIACTUBOCTEI 3B A3yBalu 3 PO3BUTKOM
kpucranorpadiunol TeKeTypu, mpeacraBiieHol mapamerpaMu TekcTypu KepHea, sari mo-
KasylTh CTYIiHE 306iry c-ocell KpucTaliuHOTO reKcaroHaJIbHOTO T'Hi3Za 3epeH i3 sajaHmM
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TeOMETPUYHUM HAIPAMKOM y HOJiKpucranmiunomy marepiani. Tekerypy 3paskiB gocaimsxysa-
JI PEeHTTEeHIBCBKUM METOZOM IIIIAXOM HOOYZOBHU 3BOPOTHUX HoarocHux diryp. Ilorkasame, 1o
anisorponisa moxynsa mpyskHocTi micas ITII cknana mopsaaky 14,0 %. 3 pocrom TemmeparTy-
pu Bigmany amisorpomnia smeninyBasnacsa. Ilicas sigmany mpu 250°C mapameTpu TeKcTypu
Kepuca manu maitbinbine 6i1usbKi sHaveHHs, 1o BignoBigaors GesrexcrypHOMy crany. [Ipwm
IoZaNBIIOMY 30inbITIeHH]I TeMIepaTypHu Bifnany aHIiZoTpOIia MOZYyJIS HMPY:KHOCTL 3pocrana U
micas Bigmany mpu 400°C il Benwuwmna npuiinsiga sHaveHHsa 16,42 %. Ipyuryroounch Ha
eMIiPUYHNX CIiBBIZHOIIIEHHAX TBEPZOCTi I MillHOCTI MOHOKpUCTAJNIB TUTAHy TeXHiuHOI umC-
TOTU, BHAWAeHI 3HAUeHHS MeyK MiITHOCTi I MJAMHHOCTI MOHOKpUCTAaja TUTAHY Y3AOBYK HOTrO
TeKCaroHaJbHOI oci I y HMepHeHIUKYJIAPHOMY mo Hel Hampamky. BusnaueHni sHaueHHA Ko-
edinienTiB anizorponii me:x MmirHocTi # nmammEHOcTi TuTamy micna IIIJ]. VeramoBmeHa 3ako-
HoMipHicTh ix 3MiHU y 3B’#3KYy 3 TeMIEepaTypoio HACTYIHOTO Bimmauy.

1. Introduction

Titanium and its alloys have rather low
density and high specific strength, which
ensures a reduction in product weight. Due
to these properties, titanium alloys are
widely used in the aircraft and space indus-
tries. Like most metals and alloys with a
hexagonal crystal structure, titanium be-
comes highly anisotropic during machining.
This circumstance often limits its practical
use. For example, metal consumption in-
creases during stamping or deep drawing.
One of the main reasons for the titanium
prop erties anisotropy is its crystallographic
texture.

However, the texture can cause not only
defects in products. The creation of a cer-
tain texture in a metallic material can sig-
nificantly increase the strength of products.
For example, the creation of a favorable
texture in titanium alloys makes it possible
to increase the deformation resistance under
biaxial tension by 45 % compared to
uniaxial one [1]. At the same time, solving
the problem of designing machine parts as-
sociated with the choice of their correct ori-
entation is especially important for tita-
nium alloys. Considering that during the
manufacturing process, as well as during
operation, the material is exposed to ther-
mal effects, which can lead to structural
changes, the assessment of its effect on tex-
ture formation is also of great applied im-
portance. Thus, the study and search for
the conditions for formation of the favorable
crystallographic texture during the process-
ing of titanium and its alloys is relevant.

An important factor for improving the
properties of metallic materials including
titanium and its alloys is the creation of a
deformation sub-microcrystalline structure
in parts made of them. This structure
makes it possible to significantly increase
the strength properties without deteriorat-
ing the metal ductility. The formation of a
sub-microcrystalline deformation structure
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(SMDS) in the metal occurs under the action
of severe plastic deformation (SPD). In
practice, various SPD technologies are used
[2]. One of these methods is twist extrusion
(TE). The titanium texture formation dur-
ing TE was investigated in [3, 4]. In these
and a number of other papers, it was shown
that the texture formation during TE can be
caused not only by the action of basic, pris-
matic, and pyramidal sliding and twinning,
but also gby the vortex motion of being
refined fragments of the grains that is simi-
lar to a turbulent fluid flow.

The peculiarity of the metal flow during
SPD also predetermines a number of textur-
ing features in comparison with well-stud-
ied methods of pressure shaping. At the
same time, the currently available research
results in this area are often contradictory.
This makes it difficult for designers and
technologists to make an applied assessment
of the strength reliability for products
made of the materials with the sub-micro-
crystalline structure and designing blanks
for them.

According to the authors of [5], the fea-
tures of texture formation in the SPD proc-
ess in metals with a hexagonal-close-packed
(HCP) lattice have not been studied com-
pletely. They studied the effect of the de-
formation rate and temperature on the tex-
ture of commercially pure titanium and
showed that for the selected deformation
mode, the basal plane (0001) forms an angle
of 450 to the compression axis. In [6], the
authors showed that the commercially pure
titanium texture formed by rolling signifi-
cantly affects the features of its plastic de-
formation and, accordingly, the deformation
anisotropy.

The SPD effect on the crystallographic
texture was studied in [7]. It was found
that during severe deformation and sub-
sequent rolling, a significant anisotropy of
mechanical properties is formed. According
to the authors, in addition to the effect of
the crystallographic texture that appears
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Table 1. Chemical composition of commercially pure titanium, wt.%

VT1-0 (GOST 19807-91)

C Si N Fe O H Ti
<0. 07 <0.1 <0.04 <0.25 <0.2 <0.2 Rest
Titanium Grade
C H O N Fe Ti
<0.08 <0.015 <0.25 <0.03 <0.30 Rest

during deformation, the oriented deforma-
tion substructure also makes a significant
contribution to the anisotropy of properties.
In [8], it was established that the plastic
deformation mechanisms and crystal-
lographic texture depend on the deforma-
tion magnitude. The processing method also
significantly affects the features of the tex-
ture. In particular, the titanium texture
formed as a result of equal-channel angular
extrusion had characteristic features for
each processing route [9]. However, the re-
lationship between the texture parameters
and the elastic and mechanical charac-
teristics of the VT1-0 titanium alloy after
twist extrusion has not been sufficiently
studied. Available publications on the tex-
ture formation of VT1-0 (Titanium Grade 2)
titanium alloy by the twist extrusion
method are also based on simplified meth-
ods [4], which do not allow reliable assess-
ing the processes occurring in the material
during SPD.

The aim of this work was to establish the
patterns of texture formation in the billet
during twist extrusion and to study the ef-
fect of the crystallographic texture on the
elastic modulus and mechanical charac-
teristics of titanium after SPD and addi-
tional heat treatment.

2. Expeimental

The studies were carried out on commer-
cially pure VT1-0 titanium, which roughly
corresponds in chemical composition to Tita-
nium Grade2 alloy (Table 1).

The billets made of VT1-0 (Titanium
Grade 2) titanium and subjected to SPD by
the TE method were investigated [2]. An
alloy billet was placed in a matrix with a
helical channel of rectangular cross section
with an angle of the helix inclination to the
TE axis (Fig. 1).

The billet length was 70 mm, and the
section was 18x28 mm. The extrusion pres-
sure was p; = 1600 MPa. To increase the
technological plasticity of the titanium
alloy, back pressure was applied to the front
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Fig. 1. Scheme of the twist extrusion [10]:
1 — billet: 2 — helical channel of the TE

rigging.

end of the billet, the value of which was p,
= 200 MPa; mixture based on low-melting
glass was also used.

The total relative shear deformation A per
pass can be calculated by the formula [2]:

2
A= \/—3— . tgymax, (1)

where v, .. is the maximum angle of incli-
nation between the twist line and the extru-
sion axis.

The calculation showed that the total
shear deformation per pass is approximately
1.15. Five TE passes were carried out.
Thus, the total relative shear deformation
of the billet was 5.77.

The billets were preheated in a furnace
to a temperature of ¢t = 400°C. The average
size of the structural components (grains
and subgrains) in the samples after five TE
passes was in the range of 200...500 nm.
The size of the structural components in the
original samples was 150...300um.

After extrusion, samples were cut from
the billet by the electroerosive gmethod.
The samples were cubes with dimensions
10x10x10 mm. One of the cube edges was
oriented along the pressing axis (TE axis),
and the other two, respectively, were per-
pendicular to the above axis. The samples
after TE were subjected to isochronous vac-
uum annealing for 1 hour at temperatures
of 200, 250, 300, 350, and 400°C.
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Fig. 2. Inverse pole figures of VT1-0 titanium alloy samples after five passes of twist extrusion
(a, b) and after annealing at temperatures of 200 (¢, d), 250 (e, f), 300 (g, h), 350 (i, j) and 400°C

(k, 1), respectively.

The texture of the samples after extru-
sion, as well as after annealing, was studied
by the X-ray method. Before examining
their texture, the samples were chemically
polished to a depth of 0.1 mm to remove
the surface layer distorted by the cutout.
0—260 scanning was performed on a diffrac-
tometer in Mo—K, radiation according to the
Bragg-Brentano geometry [11]. Based on the
results of diffractometry analysis, inverse
pole figures (IPF) in the TE axis direction
(Extrusion Direction) — ED IPF, and in the
direction perpendicular to the extrusion
axis (Transverse Direction) — TD IPF were
constructed. When drawing the IPF, the
Morris normalization was used [12].

3. Results and discussion

Fig. 2 shows the inverse pole figures of
the samples in the extrusion axis direction
(ED IPF) and in the direction perpendicular
to the extrusion axis direction (TD IPF)
after five TE passes and after annealing at
the temperatures indicated above.

The texture after five extrusion passes
can be generally described as the distribu-
tion of the crystallite hexagonal axes within
the cone-shaped surfaces described around
the extrusion axis with half opening angles
from 0 to 38.5 degrees and 50 to 90 de-
grees. On the whole, the pole density distri-
bution on the TD IPF after five TE passes
looks like a fan-shaped scatter of crystal
orientations, which was indicated in the
earlier paper on the study of the crystal-
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lographic texture in the VT1-0 alloy after
TE [3]. This may prove that, in addition to
the crystallographic mechanisms (basic,
prismatic, and pyramidal sliding and twin-
ning), the vortex nature of the movement of
crystallites during their fragmentation con-
tributes to the texture formation in the TE
process. Such a movement resembles the
fluid turbulent motion in its turbulent flow
[13, 14].

Annealing of the extruded VT1-0 sample
at 200°C generally reduces the value of the
pole density at the IPF (Fig. 3, ¢, d). The
texture character changed a little. The
maximum of 2.14 on the ED IPF has moved
from the pole (1124), where it was after the
TE, to the pole (0002). As a result, after
annealing at 200°C, the hexagonal axes of
the qerystallites are distributed within the
cone-shaped surfaces around the extrusion
axis, but with half-opening angles from 0 to
25 degrees and from 50 to 90 degrees.

An increase in the annealing temperature
to 250°C promotes the redistribution of the
pole density on the IPF (Fig. 3, e, f). One
maximum at the ED IPF (Fig. 3, e) seems to
be "blurred” from the pole (1015) with an
intensity of 1.28 to the pole (1124) with an
intensity of 1.22. The second pole density
maximum of 2.08 is observed at the pole
(2130). Moreover, the pole density scatter-
ing region occupies almost the entire
stereographic triangle. On the whole, the
hexagonal axes of the crystallites are dis-
tributed inside a truncated cone-shaped sur-

Functional materials, 29, 1, 2022
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face described around the extrusion axis.
The angles qof the half opening of the coni-
cal surface vary in the range from 20 to
90 degrees. Annealing at a temperature of
300°C has little changed the distribution of
hexagonal crystallite axes relative to the ex-
trusion axis (Fig. 2, g, h). Their distribu-
tion is practically similar to its picture
after annealing at 250°C. After annealing at
350°C and 400°C, the distribution density
of the crystallite hexagonal axes oriented
near the extrusion axis (inside the conical
surfaces with a half-opening angles from 0
to 20 degrees) slightly increased. On the
whole, the distribution of the directions of
the crystallite hexagonal axes both after ex-
trusion and after annealing resembles a fan-
shaped spread of their orientations relative
to the extrusion axis as was mentioned
above.

It is known, that during annealing the
processes of recovery and recrystallization
in metals are observed [15]. The recovery
occurs at relatively low temperatures (below
0.8T,.;; [15]). No significant structural
changes occur at the first stage of the re-
covery, however, in this case the residual
stresses decrease and the plasticity in-
creases. At the second stage of recovery
(polygonization), new low-angle boundaries
are formed within each crystal. As a result,
the crystal is fragmented into subgrains
(polygons). However, polygonization in pure
metals is observed after slight deformation
[16].

At higher annealing temperatures, a re-
crystallization process occurs — i.e. the
process of nucleation and growth of new
undistorted grains. Bochvar found [15] that
the absolute recrystallization temperature

T,.cr for pure metals is approximately 0.4
of the melting temperature T, ,;,, that is:
Trecr= 0-AT pyery (2)

Thus, the calculated temperature of the
onset of recrystallization for pure titanium
is approximately 500°C. However, a de-
crease in the purity of the metal, as well as
an increase in the degree of deformation,
contributes to a decrease in the recrystalli-
zation temperature [17].

The data on the recrystallization tem-
perature for titanium after SPD differ. For
example, authors of [18] studied the effect
of annealing on the structure of commercial
Titanium Grade2 after SPD by the hydrau-
lic extrusion (HE) in three passes with a
total true relative plastic deformation of
2.75. It was shown that the temperature of

Functional materials, 29, 1, 2021

the recovery onset decreased from ~ 480°C
in the starting material to ~ 280°C after
hydraulic extrusion (i.e., by 70 %). The re-
crystallization onset temperature dropped
from 660°C to 570°C (i.e., by 15 %, respec-
tively).

To compare other published data, we can
mention the results [19] obtained using dif-
ferential scanning calorimetry in titanium
treated with the equal channel angular
pressing (ECAP) method. The analysis
showed that after 3 passes, the recovery
onset temperature decreased from 440°C
after one ECAP pass to 310°C, that is, by
40 %. Comparing this result with the one
obtained in the previous work [18], it can be
seen that SPD with the help of HE has a
greater effect on the decrease in the tem-
perature of the onset of reduction and re-
crystallization.

Earlier it was reported that the onset
temperature recrystallization in Titanium
Grade 2 was 527°C after 8 ECAP passes
[20]. In [21], the thermal stability of the
VT1-0 alloy structure after SPD was inves-
tigated by the TE method. The extrusion
pressure was 2400 MPa, the back pressure
was 200 MPa, and the temperature was
350°C. There were five TE passes. It was
shown that during annealing in the tem-
perature range of 300-350°C, recovery
processes occur; and after annealing at
385°C, the first diffraction reflections ap-
peared, which indicated that the first re-
crystallized grains started to form, which
means the beginning of recrystallization.

Since the SPD of the investigated sam-
ples of the VT1-0 alloy was carried out
using the TE method, as in the above-men-
tioned paper, it can be assumed that during
annealing, similar phenomena are observed
at the corresponding temperatures in the
samples.

For a more objective quantitative assess-
ment of the texture and its effect on the
bulk physical and mechanical properties of
hexagonal materials, the Kearns texture co-
efficients are used [22, 23]. These coeffi-
cients f]» (index j means the corresponding
direction in the sample, in this case ED or
TD) show the degree of coincidence of the
c-axes of the crystalline hexagonal cell of
grains with a given geometric direction in a
polycrystalline material and can be found
from the IPF according to the ratio:

- 2 - 2 3
f]» = (cos Oc]»>]» =2 A]»Pﬁcos 0, (3)
13
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L/Iy

where Py=(0—

> (A4 I/ Ip)

A
at the IPF; I,/I, is the the ratio of the
integral intensity of the i-th reflection on
the j-th IPF to the corresponding value of
the reflex of the sample without texture; A;
are the statistical weights of the i-th reflex

(ZAiPﬁ =1) [24].

Conditionally, A; is determined by the
fraction of the surface area of the
stereographic triangle around the normal to
the i-th reflex of the corresponding IPF; o
is the angle of deviation of the i-th crystal-
lographic direction from the c-axis for the
j-th direction in the sample. For single hex-
agonal crystals:

is the pole density

P(9),o;= Pcos?p + P,(1 - cos?p).  (4)

where P(0),.; is the property in the chosen
direction, P, and P, are the properties of
the single crystal in the direction perpen-
dicular and parallel to the direction [0002],
respectively, ¢ is the angle between the cho-
sen direction and [0002].

Assuming that crystallites in a polycrys-
tal contribute to the volumetric property in
proportion to their volume fraction, V;, the
contribution to the volumetric property of
crystals, whose axes are oriented at an
angle of inclination ¢ to the chosen direc-
tion, can be written as:

P(@))pef= P Vicos?e; + P, V(1 — cosp,). (5)

Summing over the entire volume, we get:

P(@) o= Ped Vicos2g; + P, > Vi1 — cosg)(®)

1 1

Since ) V;=1, and ) Vcog;= is the
i i
Kearns texture parameter, we can write:

P((pi)ref = f]Pc + (1 - f])Pa (7)

To find the Kearns texture coefficients,
we used the IPF in Fig. 2. The values A;
were taken from [24]. The angles «; were
calculated by the known formulas [26] tak-
ing into account the ratio of the crystal
lattice parameters of the alloy under study
c/a =1.587.

Kerns showed [22] that if a material
property can be described by a tensor (such
as elasticity), then it obeys relation (7). In
this case, the sum in the three main direc-
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tions of the sample should be equal to one,
and a value of 1/3 in each direction deter-
mines the isotropic case. Thus, if the
Kearns texture coefficients found from ED
IPF (fgp) and TD IPF (f;p) are known, we
can find the Kearns coefficient for the third
direction in the sample after extrusion —
the radial direction (RD) — by the ratio:

fep+frp+frp=1. €))

Kearns texture coefficients calculated
from ED IPF (f;p) and TD IPF (f;p) in Fig.
2 as well as those calculated by relation (8),
are given in Table 2.

It can be seen from Table 1 that after
annealing at 250°C, the Kearns texture co-
efficients are closest to 1/3. According to
Kearns [22], the value of the coefficients
1/3 in each direction means the isotropic
case, as mentioned above. It will be shown
below that after annealing the extruded
sample at 250°C, the anisotropy of the in-
vestigated properties is minimal (Table 4,
6).

The experimental determination of the
elastic and strength properties in the longi-
tudinal direction (in the direction of the TE
axis) of the VT1-0 titanium alloy after 5 TE
passes was previously carried out in [27].
Due to the rather small cross-section of the
billet (18%x28) mm, the measurements of the
above properties in the transverse direction
after TE are difficult. We estimated the
values of Young’s modulus of the VT1-0
titanium alloy after five passes of deforma-
tion by TE and subsequent annealing in the
direction of the extrusion axis and in the
transverse direction according to relation
(7), using the Kearns texture coefficients
(Table 2) and the values of the correspond-
ing properties of single crystals. Table 3
shows the results of measurements made by
various authors for the elastic moduli of
single crystals of commercial titanium simi-
lar in chemical composition to the investi-
gated alloy VT1-0. It is seen from Table 3,
the experimental results on the elastic prop-
erties of single crystals published by wvari-
ous authors differ.

To estimate the values of the elastic
modulus of investigated samples in the di-
rection of the extrusion axis (ED) and in
the transverse direction (TD), we will use
the averaged values of the elastic moduli of
a titanium single crystal from Table 3 and
calculate the modulus of elasticity by the
ratios:

Egp=Tgp E¢®+ 1 —Tfgp) - EG"  (9)

Functional materials, 29, 1, 2022
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Table 2. Kearns texture coefficients after
5 passes of twist extrusion and subsequent
annealing of VT'1-0 titanium alloy

Table 3. Elastic properties of titanium sin-
gle crystals

Erp="Trp - EZ°+Q - frp) - EZY,  (10)

Enp=Trp E¥+A - [gp) - E%°. (11)

The calculation results are presented in
Table 4.

The anisotropy coefficient m was esti-
mated by the ratio:

N=[FLax — Frin)/ Frinl - 100%, (12)

where F is the corresponding property.

The anisotropy coefficient of the elastic
modulus 1 decreases with an increase in the
annealing temperature up to 250°C (Table
4). After annealing at 250°C, the anisotropy
coefficient of the elastic modulus takes on a
minimum value of 3.35 %. With a further
increase in the annealing temperature, the
anisotropy coefficient of the elastic modulus
increases and after annealing at 400° it
takes on a maximum value of 16.42 %. An
increase in the anisotropy coefficient n
after annealing at temperatures above
250°C is probably associated with recrystal-
lization processes and as a consequence, a
change in the texture of the samples.

According to the data of [27], the experi-
mental value of the elasticity modulus in
the direction of the extrusion axis for the
VT1-0 titanium alloy after 5 passes of TE
was E =113.0 GPa. This value is about
9.4 % less than our estimated value E =
123.6 GPa (Table 4). This discrepancy may
be due to the fact that the result in [27]
was obtained by uniaxial elastoplastic ten-
sion to the level of plastic deformation € =
0.007, followed by unloading and again
loading. With this method of deformation,
microdefects (for example, vacancies, inter-
stitial atoms, possibly, micropores) can be
formed in the material. The accumulation of
microdefects reduces the effective bearing
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E, GPa E,
Annealing Tep fro Trp 143 122
temperature, °C
130 97
after 5 TE passes | 0. 488 0.471 0.041
146 103
200 0.406 0.363 0.231
146 104
250 0.391 0.334 0.275
av av
300 0.407 0.376 0.217 EC ~ 141 E‘l =107
350 0.578 0.325 0.097 .
load of the sample cross-sectional area,
400 0.565 0.393 0.042 which leads to a decrease in the elastic

modulus [32].

Let us estimate the ultimate strength
and yield strength of the VT1-0 titanium
alloy after TE and annealing according to
the data for a single crystal. For this pur-
pose, let us first estimate the ultimate
strength and yield strength of a single crys-
tal of the VT1-0 alloy along the ¢ axis as
well as along the a axis. There are no such
data in the literature. However, they can be
found using hardness data from nanoinden-
tation results. These results vary signifi-
cantly d epending on the titanium purity.
For high-purity titanium (iodide titanium,
HP Ti, CP Ti (grade 1)), the minimum value
of hardness was found at nanoindentation
of the basal plane [33, 34]. At the same
time, in titanium of lower purity, for exam-
ple, in the VT1-0 or CP Ti (grade 2) alloy
under study, the basal plane is the hardest
[35—-37]. Table 5 shows the results of meas-
uring the hardness for nanoindentation

along the c-axis (HY), and along the a-axis
(H¢), obtained by differe nt authors for sin-

gle crystals of titanium of technical purity,
similar to VT1-0.

The results of nanoindentation obtained
by different authors differ (Table 5). There-
fore, for further calculations, we will use
the corresponding averaged values HY and

H¢ for the titanium single crystal. We will

estimate the values 6% and 0% of the corre-

sponding ultimate strength according to the
empirical relations [38], which, taking into
account the measurements in MPa and
minor transformations, have the form:

where Hy is the Vickers hardness.
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Table 4. Elastic moduli of VT1-0 titanium alloy calculated using Kearns texture coefficients
(Table 2) and elastic moduli of a single crystal (Table 3)

Annealing temperature, °C Epp, GPa E;p, GPa Epp, GPa
after 5 TE passes 123.6 123.0 108.4 14.0
200 120.8 119.3 114.0 5.96
250 120.3 118.4 116.4 3.35
300 120.8 119.8 114.4 5.59
350 126.7 118.1 110.3 14.87
400 126.2 120.4 108.4 16.42

Using relation (13), (14), and the values
and from Table 5, we get:

0% = 615MPa, o ,=534MPa, (15)

0% = 856MPa; o4 ,=308MPa. (16)

To assess the ultimate strength of the
VT1-0 alloy after 5 passes of the TE and
annealing, we use relationships similar to

(9)-11):

GgszTG'Gc'{_(l_fTD)'Ga’ (18)
Similarly for the yield point, we get:
053 =fgp 0.+ (1 — fgp) - Ops (20)
03 ="frp 0.+ 1 ~frp) O, (21)
ofP=frp 0.+ 1 ~frp) - O, (22)

The calculation results are presented in
Table 6. From Table 6 it can be seen that
there is anisotropy of mechanical charac-
teristics. In this case, the ultimate strength
and yield strength have a maximum value
along the extrusion axis. The anisotropy in-
dices (1) of the characteristics o0y and oy o
take their minimum values after annealing
at 250°C. An increase in the anisotropy co-
efficients after annealing at 250°C is prob-
ably due to changes in the texture of the
samples during recrystallization.

In [27], the wvalues of the ultimate
strength and yield strength obtained under
uniaxial tension along the TE axis of the
VT1-0 titanium alloy after 5 TE passes (A =
5.77) were oED =475 MPa and o2 =

412 MPa. The corresponding estimated val-
ues obtained by us (Table 6) are approxi-
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Table 5. Titanium single crystal hardness

HY,, GPa HY GPa
2.73 1.34 [35]
1.0 0.75 [36]
1.6 1.0 [37]

Hf,,=1.78 | Hf,=1.03

mately 1.5 % and 1.7 %, respectively,
higher than the experimental data presented
in [27].

The results of microhardness H, meas-
urements of investigated Ti samples at a
load of 5 N and a load time of 10 sec, as
well as standard deviations (SD), are pre-
sented in Table 7.

It can be seen that the ratio of micro-
hardness H, to ultimate strength and ten-
gile yield in the VT1-0 titanium alloy after
TE does not obey empirical relations (11)
and (12), which are valid for those materi-
als that have a conventional rather than sub
-microcrystalline structure.

In [38, 39], the relationship between
hardness and yield strength and tensile
strength, as well as the shape of indenta-
tions of the indenter were analyzed, when
determining the hardness Hy, for various
materials. The authors of [38] classified the
indentation geometry into three types:

a) “contraction”™ (the shape of the print
resembles a square, the sides of which are
pulled together, bending towards the cen-
ter);

b) “pile-up” (a bulge forms around the
imprint due to hardening near the imprint);

¢) “crack”™ (local cracking occurs around
the print).

The authors of [38] showed that for ma-
terials that show indentations of type (a)
(materials which have not a sub-microcrys-
talline structure), one third of the hardness
is in the range from yield strength to ulti-
mate tensile strength.

Functional materials, 29, 1, 2022
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Table 6. Ultimate strength oy and yield strengths 6, , of the VT1-0 titanium alloy calculated
using the Kearns texture coefficients (Table 2) and the values of ¢4 and 6% for a titanium single
crystal (15), (16)

Annealing | 6EP, MPa | 6£3, MPa | 5P, MPa | 6}3, MPa | 6&P, MPa | 685, MPa | np, % | N9 %
tempera-
ture, °C
- 482 419 478 415 367 319 32.0 32.
200 461 400 450 391 416 361 11.0 11.0
250 457 397 443 384 427 371 7.0 7.0
300 462 401 454 394 412 358 12,0 12.0
350 506 439 440 382 381 331 33.0 33.0
400 502 436 458 397 367 319 37.0 37.0
Table 7. Microhardness HM of VT1-0 titanium alloy after 5 TE passes and annealing
Annealing HED MPa SD, MPa HTD MPa SD, MPa HED MPa SD, MPa
temperature, H H H
°C
- 2310 240 2150 90 1830 10
200 2110 40 2100 15 1820 170
250 1910 100 1890 50 1790 90
300 1850 110 1750 80 1670 140
350 1820 130 1660 20 1610 90
400 1780 120 1620 90 1510 60

For materials with an indentation of type
(b), (with a sub-microcrystalline structure)
the ratio of hardness to ultimate strength is
different from 3. Depending on the degree
of hardening around the indentation, this
ratio can be either less or more than 3. The
latter is observed when comparing the data
in Tables 6 and 7.

The hardness of materials with indenta-
tion morphology of type (b) (brittle materi-
als) is related to fracture behavior, but dif-
fers from tensile strength due to different
stress states. For such materials, the ratio
Hy/og can significantly exceed 3. This may
be due to different tensile strengths when
tested for hardness and tensile, due to a
decrease in the ability to shear and easier
cleavage [38, 39].

4. Conclusions and prospecis for
further research

1. The development of the crystal-
lographic texture of the VT1-0 titanium
alloy after 5 passes of twist extrusion and
subsequent annealing for 1 hour at tempera-
tures of 200-400°C with an interval of 50°C
is represented by the parameters of the

Functional materials, 29, 1, 2021

Kearns texture, which show the degree of
coincidence of the c-axes of the crystal hex-
agonal cell of grains with a given geometric
direction in a polycrystalline material.

2. After annealing at 250°C, the parame-
ters of the Kerns texture have the wvalues
closest to 1/3 in the three directions of inves-
tigated titanium samples. At that, anisotropy
of investigated properties is minimal.

3. The evaluation of elastic modulus of
the VT1-0 titanium alloy after 5 TE passes
and annealing in three mutually perpendicu-
lar directions of the samples has been car-
ried out using the Kearns texture parame-
ters and elastic constants of a single crystal
of commercial titanium; it showed that the
calculated value of the elastic modulus is
9.4 % higher than its experimental value
found in [27] from tests for uniaxial ten-
sion along the direction of the TE axis. The
discrepancymay be due to the peculiarities
of the experiment in [27] by elastoplastic
deformation to the level of plastic deforma-
tion €y = 0.007 with subsequent unloading
and again loading. In this case, the accumu-
lation of microdefects reduces the effective
bearing load of the cross-sectional area of
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the sample, which can be the reason for a
decrease in the elastic modulus.

4. The anisotropy of the elastic modulus
after 5 passes of TE was about 14.0 %.
With an increase in the annealing tempera-
ture, the anisotropy decreased, and after
annealing at 250°C it had a minimum value
of 3.85 % . With a further increase in the
annealing temperature, the anisotropy of
the elastic modulus increased, and after an-
nealing at 400°C its value was 16.42 %.

5. Using empirical relations Hy=2.8905
and Hy=8.880; 5, as well as the correspond-
ing literature data on hardness HY, and H{,

obtained by nanoindentation of titanium
single crystals of technical purity, the wval-
ues of the ultimate strength and yield
strength of a titanium single crystal were
found along its hexagonal axis
0% = 615 MPa, 05, = 534 MPa and in the

direction perpendicular to the hexagonal
axis 0% = 856 MPa. ¢§ 5, = 308 MPa.

6. The tensile strength and yield stress
in three mutually perpendicular directions
of the VT1-0 titanium alloy specimens after
5 passes of TE and annealing were evalu-
ated by means of the Kearns texture pa-
rameters and the corresponding values of
the tensile strength and yield stress along
and across of the titanium single crystal
hexagonal axis. The estimated values of the
ultimate strength and yield strength along
the direction of the TE axis after 5 TE
passes by 1.5 an d 1.7 %, respectively, ex-
ceed their experimental values obtained in
[27] from uniaxial tension tests.

7. The anisotropy coefficients of the ulti-
mate strength and yield strength after 5
passes of TE were about 82.0 %. With an
increase in the annealing temperature, the
anisotropy of the ultimate strength and
yield strength decreased; after annealing at
250°C, the anisotropy coefficients had a
minimum value of 7.0 %. With a further
increase in the annealing temperature, the
anisotropy of the ultimate strength and
yield strength increased; after annealing at
400°C, the an isotropy coefficient was
37.0 %.

8. Due to the submicron crystalline de-
formation structure of VT1-0 titanium after
5 passes of the twist extrusion, the ratios of
microhardness to the ultimate strength and
yield strength of the alloy exceeds the wval-
ues obtained from the empirical relations
(13) and (14) typical for alloys with a
coarse-crystalline structure. As the anneal-
ing temperature increases, the aforemen-
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tioned ratios decrease, approaching empiri-
cal values.

Considering that the VT1-0 alloy is very
rarely used as a structural material, the
prospect of further research is to assess the
texture formation and properties of tita-
nium alloys for aerospace purposes. Among
the main ones are two-phase and pseudo-
two-phase titanium alloys, which are widely
used in the production of compressor blades
for gas turbine engines.

The established regularities of texture
formation and corresponding anisotropy in
titanium alloys under the action of torsion
extrusion and heat treatment are of great
practical importance. Mechanical and physi-
cal characteristics of a deformable semi-fin-
ished product in various directions are used
to assess the strength reliability of parts
[40]. Taking into account the established de-
pendence of the wultimate strength and
modulus of elasticity on the direction of
cutting blanks from a semi-finished prod-
uct, the number of deformation passes, and
the temperature of thermal exposure, the
differences in the safety factor of parts can
reach 40-50 % . Considering that, for exam-
ple, for rotor blades of the compressors of
gas turbine gengines, the permissible mar-
gin of safety is 1.4-1.6, knowledge about
the anisotropy of mechanical characteristics
is necessary.
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