DOI 10.1007/s11015-023-01601-5
Metallurgist, Vol. 67, Nos. 7-8, November, 2023 (Russian Original Nos. 7-8, July—August, 2023)

MATERIALS SCIENCE ASPECTS OF TITANIUM TUBE PRODUCTION.
PART 1. PRODUCTION OF HOT-EXTRUDED TUBES

D. A. Pumpyanskiy,' A. G. Illarionov,’> F. V. Vodolazskiy,’
Y. I. Kosmatskiy,* S. M. Illarionova,” and A.A. Popov® UDC 669.295

The article provides systematization and comparative analysis of data for structural and phase states and
set of physical and mechanical properties formed in deformable tube semi-finished products. Analysis
includes various stages of obtaining hot-extruded tubes of titanium alloys PT-1M, PT-7M, Ti—3Al-2.5V.
The relationship between characteristics of macro-, microstructure, parameters of the phases formed
with spread of hardness values in the original hot-forged tube billets is established. Physical simulation
of hot deformation processes of alloys with varying temperature and upsetting deformation rate is con-
ducted. Recommendations for extrusion temperature ranges for each alloy are proposed. These recom-
mendations are based on energy-power parameters of industrial equipment used and restrictions imposed
by the structure. Evolution of the structure and change in hardness during expansion of a tube billet
made from the alloys investigated are considered. Results of computer simulations of energy-power pa-
rameters of tube extrusion and their comparison with industrial experiment data are presented. Features
of the structure, texture and their relationship with tube mechanical properties are established.

Keywords: pipes, o -, pseudo-0 -titanium alloys, tube billet, simulation, hot extrusion, annealing, me-
chanical properties, structure, texture, phase composition.

Introduction

In order to increase the volume of pipe production within Russian metallurgical enterprises it is necessary to
expand the range of both steel and nonferrous metal pipes produced [1, 2]. In view of this recently within Rus-
sia a significant amount of research has been carried out in order to open up production of tubes made from tita-
nium alloys of different classes (commercial titanium, o -, pseudo-o-, o + -martensitic class) using contem-
porary TREX (Tube Reduced Extrusion) [3, 4] technology, and considerable experimental, material design and
production experience in this field has been accumulated [5—16]. In this article there is comparison and summa-
rization of material science results obtained during operation of TREX technology for manufacturing titanium
alloy tube based upon a-phase and concerning preparation of finished hot-extruded tubes undergoing subsequent
preparation of cold-rolled tubes.
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Table 1
Test Alloy Chemical Composition and Properties

Alloy Ti Al Zr A\ Fe (0] Tte ) °C [Al]equ [Mo]equ [Al + Mo]equ
PT-1M Base 0.4 0.04 - 0.04 0.08 925 2.8 0.06 2.86
PT-7M Base 2.2 2.7 - 0.04 0.08 945 5.5 0.06 5.56
Ti-3A1-2.5V  Base 3.06 — 2.67 0.15 0.101 925 53 1.78 7.08

Table 2
Temperature-Rate, Deformation Parameters of Hot Upset Alloys
_ Deformation rate True degree of deformation
Alloy Hot upsetting temperature, °C ) ) -1 . .
during upsetting, sec during upsetting
PT-1M 825, 850, 875, 900 1;12 At 1.2
PT-TM 875, 900, 925, 950 1;12 At 1.2
Ti-3Al-2.5V 800, 825, 850, 875, 900, 925 1; 10 At1.2

Research Materials and Methods

The material for tube preparation was a hot-rolled, mechanically treated, tube workpiece 195 mm in diame-
ter of titanium pseudo-o-alloy Ti — 3Al — 2.5V (another name is grade 9, analog in Russia PT-3V, in Great Brit-
ain IMI325ELI, in China TA18) corresponding to ASTM B338-14 [17] and 188 mm in diameter of commercial
titanium PT-1M and o .-alloy PT-7M (analog in China TA16) both corresponding to TU 1-5-131-78 [18]. Melt-
ed chemical composition, in wt.%, temperature of the o +[ <> -transformation (7}), was determined by
the test quenching method [19], strength equivalents [20], - aluminum ([Alleqy = %Al + %Sn/2 + Zr/3 +
3.38i + 20%0 + 33%N + 12%C), molybdenum ([Moleqy = %Mo + %V/1.7 + %Mn + %W + %Cr/0.8 +
%Fe/0.7 + %Nb/3.3), overall ([Al+ Moy, ) for alloy provided in Table 1.

Cylindrical specimens with a size of 10 x 15 mm were cut from hot-forged tube workpieces of alloys
PT-1M, PT-7M, Ti-3Al-2.5V which in a Gleeble 3800 unit, used for developing technology for tube prepara-
tion [12, 21], were subjected to “hot” tests for upsetting by the regime indicated in Table 2.

Tube workpieces with a through central opening were expanded, pressed in a horizontal press with a devel-
oped force of up to 20 MN, to a size 102.0 x 13.0 mm (PT-1M, TIT-7M) and 90.0 x 20.0 mm (Ti—3A1-2.5V).

During production stages specimens were selected from the semifinished products obtained that were used
for conducting macro-, micro-, X-ray-structural and hardness analyses, tensile testing according to GOST
1497—-84 [22] by means of an optical (Olympus), scanning (Zeiss Auriga) microscope, a Brucker Advance D8
diffractometer, a Zwick/Roell ZHU type 6187-5 LKV (Vickers) universal hardness meter with a load of 100 g
(980.7 N), and a test machine SSI MTS Insight 100. Macrograin size in semifinished products was determined
according to a ten-point scale for titanium alloy microstructure, provided in [23].
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Table 3
Structural Analysis Data for Test Alloy Tube Workpieces

Alloy Macrograin size Grain size Phase composition | (c/a)y | ag, nm

PT-1M 23 atouter surface At 8-10 mm in center 100% o 15885 -
increases to 10 in center

3-4 predominantly and

PT-M up to 7-8 in center

At 4-5 mm in center 100% o 1.5904 -

Ti-3A1-2.5V  2-3 through whole section 0.3-0.6 mm 95% o +5% B 1.5914 0.3213

Results and Discussion

1. Analysis of Hot-Forged Tubular Workpieces of Alloys PT-IM, PT-7M, Ti-3AI-2.5V. Macro- and
X-ray structural analyses were conducted for templates of the original tube workpieces whose results are provid-
ed in Table 3.

Comparative analysis of data for alloy macrostructure (see Table 3) showed that the most uniform macro-
grain size through a workpiece cross section is typical for commercial titanium PT-1M, somewhat less homoge-
neous win o-alloy PT-7M, and a quite uniform structure with relatively fine macrograin size was observed
within Ti-3Al-2.5V pseudoalloy. The difference in macrostructure is apparently connected with the relatively
little forging of ingots in the course of preparing workpieces of alloys PT-1M, PT-7M (less than 5 forgings)
compared with alloy Ti-3A1-2.5V (forgings more than 6).

Commercial titanium PT-1M and o -alloy PT-7M have within the tube workpiece structure 100% o -phase
(see Table 3). Alloying of pseudo-o -alloy Ti-3A1-2.5V with a [ -isomorphic stabilizer V promotes fixation
within the structure apart of o -phase of up to 5% [-solid solution with a small lattice spacing (see Table 3),
which is typical for this alloy in a relatively uniform condition [24]. An increase Al within alloys from PT-1M
to PT-7M and Ti-3AIl-2.5V (see Table 1) provides a uniform increase in c¢/a parameter for the HCP lattice of
o.-phase (see Table 3), which agrees with data in monograph [25].

Analysis of the microstructure of alloys (Fig. 1) shows that for commercial titanium PT-1M there is typical-
ly a nonuniform grain structure consisting of both relatively fine (< 500 um) and also quite coarse (up to 8000-
10,000 um) o -grains within which there is possibly presence of coarse ¢ -platelets including twinning (see
Fig. 1a).

In more alloyed o-alloy PT-7M the difference in grain size is developed to a lesser extent and the maxi-
mum o -grain size does not exceed 5000 um, but within grains bundles of o -platelets are observed, partly bent
as a result of hot deformation (see Fig. 1b). Pseudo-o-alloy Ti—-3Al-2.5V has a structure of the transition
type [26] (see Fig. 1c) with minimum grain size among the alloys studied, not exceeding 600 um. Formation
within the body of a P -grain of a package = 50 um thick primary o -platelets with [3-interlayers is bent, partly
fragmented and within the coarsest 3 -layers fine secondary o -platelets are observed (Fig. 1d).

On the whole an increase in alloying element content and forging of alloys from PT-1M to PT-7M facilitates
formation within hot-forged workpieces of a structure with a fine grain size with a finer intergranular structure.
This feature leads to an increase in average values of alloy hardness from HV 150 (PT-1M) to HV 207
(PT-7M) and HV 229 (Ti-3Al-2.5V). Scatter of hardness within workpieces is at a maximum for alloy PT-1M
(HV 135-178) and comparable for alloys PT-7M (HV 190-225), Ti-3Al-2.5V (HV 209-245), apparently due
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Fig. 1. Typical hot-forged tube workpiece microstructure of alloys PT-1M (a), PT-7m (b); Ti-3A1-2.5V (c, d): (a—c) optical microscope;
(d) scanning microscope.

to the more uniform structure through a workpiece cross section in PT-1M alloy compared with PT-7M, Ti-3Al-
2.5V (see Table 3, Fig. 1).

2. Physical Modelling of Alloy Deformation Processes. Before preparing tube by hot extrusion the tem-
perature range was determined for heating tube workpieces before deformation which should provide on one
hand a level of force during extrusion not exceeding the maximum acceptable developed by the press, and on
the other hand does not cause unfavourable coarsening of the grain structure within the semifinished product
obtained as a result of heating above Ti.. In view of this physical modelling was performed for hot upsetting
deformation processes for alloys in a multifunctional Gleeble 3800 unit. Data obtained for the maximum stress
arising within alloys during upsetting depending upon the homologous deformation temperature with respect to
alloy Tie (Tyet — Tie) with deformation rates of 1-12 sec! are provided in Fig. 2. It is seen that higher the al-
loy upsetting temperature and lower the deformation rate the higher the higher the upsetting temperature and the
slower the deformation rate the lower are maximum stresses, which agrees with similar data used for other tita-
nium alloys [27]. It is noted that with homologous temperatures (7o —7 )_ comparable with respect to T
the minimum value of stress during upsetting is typical for commercial titanium PT-1M, and the maximum for
a-alloy PT-7M (Fig. 2), which nonetheless with respect to overall strength equivalent ([Al+ Mo]eq, ) surpasses

pseudo-o -alloy Ti—-3A1-2.5V (see Table 1).
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Fig. 2. Change in maximum stresses developed during upsetting in relation to deformation temperature for alloys with deformation
rates 1 sec™! (a); 10(12) sec™" (b).
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Fig. 3. Effect of deformation rate and temperature (shown in brackets, sec_l) for test alloys on amount of strain-induced warm-up.

The most probable reason for the recorded nonconformity of maximum stresses and alloying level for alloys
is the difference in chemical composition of alloys PT-7M and Ti—3Al-2.5V, and in fact alloying of the first
of them with neutral strengthener Zr, and the second with [} -isomorphic stabilizer V. It is well known [28] that
introduction of Zr into titanium alloys facilitates an increase in heat resistance, and V is less effective in this re-
spect, and it also increases [3-solid solution stability with a BCC-lattice, which is less heat resistant than
a-phase with an HCP lattice. As a result, for alloys with identical homologous temperatures below Ty, the vol-
ume fraction of less heat-resistant [ -phase according to previous calculations [24] is higher in alloy Ti-3Al-
2.5V than in alloy PT-7M.

Data for deformation warm-up of alloys during upsetting depending upon deformation temperature with re-
spect to Ty (Tqer — Ty ) are provided in Fig. 3. From analysis it is demonstrated that a reduction in defor-

mation temperature with respect to Ty, an increase in deformation rate (vger) and alloying of alloy facilitates
an increase in deformation warm-up, which is at a maximum for alloy Ti-3A1-2.5V. Close to Tie (Tger — Tte =

—25°C) deformation warm-up for alloys PT-1M, PT-TM (vges = 1; 12 sec_l) and Ti-3A1-2.5V  (vger =
1 sec_l) is relatively low and does not exceed 5°C.

According to physical modelling data for hot deformation by upsetting of the alloys studied the recom-
mended heating temperature for extrusion of tubes used is in the regions: PT-1M — T —(50-75)°C; PT-7M —

Tt —(20—40)°C; Ti-3Al-2.5V — T;.—(50-75)°C. Within these regions with vy = 10—12 sec !, comparable
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with the recommended deformation rates during extrusion of titanium alloys [29], maximum stresses during up-
setting of the test alloys are relatively low (<200 MPa), and deformation warm-up (see Fig. 3) does not lead
to conversion of alloys into the single-phase [3-region. The deformation temperature region proposed covers
that recommended for extrusion of tubes of similar composition with PT-1M of commercial titanium VT1-0
(Te—(70-130)°C), with IIT-7M at the level of structural equivalent 7, for alloy OT4-1 (7,—(10-70)°C),
and with Ti-3A1-2.5V for the level of alloying with o- and P -stabilizers of alloy OT4 (T, —(20-80)°C) [19].

For temperatures in the ranges proposed calculation was conducted for maximum forces required for extru-
sion (P,x) of tubes of a prescribed size according to the G. Sezhurne equation [30]:

41
T _
Pmax = Z(Dg _dr%)cs IH(M)CD° dn 5 (1)

where
D, is diameter of the bush of the tube-profile press container, mm;

d, is press-needle diameter, mm;

O 1is the maximum stress value developed at a prescribed alloy extrusion temperature, MPa (taken
from Fig. 2b);

w is drawing coefficient realized in the course of extrusion;

f s friction coefficient at a metal contact surface with a tool;
[ is bush length in the press container in a pressed condition, mm.

Relationship (1) is used in practice for determining tube pressing force for steels and alloys based upon iron.
During calculation the tube pressing force for titanium alloys according to this relationship does not consider
their physical properties, in particular a lower thermal conductivity compared with iron [31], which may be ca-
pable of a small increase in pressing force value.

According to this calculation, developed by production equipment, the force during tube extrusion of pre-
scribed size of the test alloys within the recommended temperature range does not exceed the maximum nominal
force value at 20 MN for the horizontal press used in the work.

3. Evolution of the Structure and Phase Composition and Hardness Properties After Expansion of Pipe
Workpieces. Before extrusion of pipe workpieces they are expanded, i.e., a hot deformation operation with ex-
pansion of the opening of a preliminary drilled ingot by means of a tip of special shape, i.c., a needle. Expan-
sion due to absence of prepressing an extruded workpiece makes it possible to obtain bushes with length greater
than the original and to calibrate a workpiece, that is to bring the size and shape to that required for extrusion.
Alloy heating temperature for expansion was 7.—(50-70)°C (PT-1M, PT-7M) and T,.—(80-110)°C (Ti-3Al-
2.5V). Macro- and microstructural analyses for expanded alloys are provided in Table 4 and in Fig. 4.

Comparative analysis of the macro- and microstructure of alloys before and after expansion showed that ex-
pansion with temperature 7, —(50-70)°C and subsequent cooling facilitates refinement of the original coarse
grain size in PT-1M and PT-7M alloys, which is more marked the greater its original dimensions (see Tables 3, 4
and Figs. 1, 4). In our opinion this is connected with recrystallization of a-phase both dynamically and primarily
with relatively slow cooling of the thick-walled workpieces obtained in still air with an expansion temperature
(865 £ 10°C — PT-1M, 885 = 10°C — PT-7M) exceeding the temperature for the end of recrystallization (7;) of
alloys PT-1M and PT-7M, proceeding from existing data for 7, for alloys similar in composition and alloying
to those of commerecial titanium studied VT1-0 (7, = 700°C), alloy OT4-1 (T, = 840°C) respectively [32].
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Fig. 4. Microstructure of expanded alloys PT-1M (a, b), PT-7M (c, d); Ti-3Al1-2.5V (e, f); (a, ¢, €) longitudinal section; (b, d, f) trans-
verse section.

Within an expanded workpiece of alloy Ti—3Al-2.5V the macro- and microstructure does not undergo
marked changes compared with the original tube workpiece (see Tables 3 and 4 and Figs. 1 and 4), apparently
as a result of quite good working of the grain structure in the original semifinished product and a higher alloy-
ing element content compared with PT-1M and PT-7M (see Table 1), recrystallization temperature, and heating



1110 D. A. PUMPYANSK1Y, A. G. ILLARIONOV, F. V. VODOLAZSK1Y, Y. 1. KOSMATSK1Y, S. M. ILLARIONOVA, AND A. A. PorPov

Table 4
Test Alloy Structure Analysis Data after Expansion

Alloy Macrograin size Grain size
From 2-3 at outer and inner surfaces From 200 pum at surface
PT-1IM . o
up to 67 in center up to 1000 pm within center
From 1-2 at outer and inner surfaces From 100 pm at surface
PT-7M . o
up to 4-5 in center up to 800 um within center
Ti-3Al-2.5V Predominantly 23 300-600 pm

temperature for expansion (830 £ 15°C). At the same time, absence (PT-1M and PT-7M) and the relatively
small content of [ -stabilizers (Ti-3Al-2.5V) facilitates fixation within alloys during cooling after expansion of
a sifficiently equilibrium phase composition with phase parameters comparable with the original tube semifin-
ished products (see Table 3).

Grain refinement, and also a reduction in scatter of its dimensions after expansion over a tube billet cross
section of alloys PT-1M, PT-7M, is provided due to an increase in the contribution of grain boundary strengthen-
ing, a regular increase in Vickers hardness values for expanded alloys compared with a hot forged condition
with HV 150 up to HV 160 (PT-1M), with HV 207 up to HV 230 (PT-7M), and also a reduction in scatter be-
tween maximum and minimum hardness values with measurement from 43 to 26 units HV (PT-1M) and with
35t0 20 un. HV (PT-7M).

Therefore, workpiece expansion of commercial titanium PT-1M and a-alloy PT-7M with T, —(50-70)°C
has facilitated, compared with the original tube workpieces, a reduction in grain size, a reduction in scatter and
an increase in average hardness values by development of recrystallization processes within a-solid solution
providing grain structure refinement. In more alloyed pseudo-a-alloy Ti-3Al-2.5V, with a sufficiently coarse
grained uniform structure in an original tube workpiece and higher 7, temperature expansion, with 7y, —(80—
110)°C does not lead to a marked change in the structure and hardness, the average level of which in both con-
ditions is HV 225-230.

4. Computer Modelling and Calculation of Energy-Force Parameters for Extrusion and Their Compari-
son with Experimental Data. Provided in Fig. 5a and in Table 5 are calculated data for the distribution of the
degree of deformation through a tube wall section and forces developed by the press obtained as a result of com-
puter modelling in a Deform 3D program, whose procedure has been described in [14], and also in the course of
an industrial experiment, i.e., hot extrusion of tubes of prescribed sizes of the tests alloys. These data indicate
that during extrusion of tubes of these alloys some increase is possible in the degree of accumulated deformation
from the inner wall towards the outer wall, which on the whole agrees with experimental data obtained for the
change in hardness that also has a tendency towards an increase from the inner to the outer surface (Fig. 5b).

On the whole, values of maximum forces (P,,) and forces in a steady state stage (Py.) obtained in the

course of computer modelling have satisfactory conformity with forces measured in the course of an industrial
experiment for preparing tubes of alloys PT-1M, Ti-3Al-2.5V (see Table 5). In this case calculated maximum
forces appeared to be reduced by 8—12% with respect to experimental values and calculated forces in the steady
state stage almost coincide for alloy Ti—-3A1-2.5V and are increased by 27% for alloy PT-1M.



MATERIALS SCIENCE ASPECTS OF TITANIUM TUBE PRODUCTION. PART 1. PRODUCTION OF HOT-EXTRUDED TUBES 1111

S 240
4.0 >
—o—PT-1M PT-7M | 2 990
(5] 4 |
g 35 Ti-3A1-2.5V o, p
g2 = 200 |-
=& 30 g
-O -
g : £ 1g0 L—®—PT-1IM PT-7M
=0 5 .
ES 25 __/( = Ti-3A1-2.5V
o S 160 |- .
8 ° | .. ...... . ....... @:cccee .’ ............. )
< 20 -

140 I I I I I I I I I
0 01 02 03 04 05 06 07 08 09 1.0

Ratio of distance from tube inner
surface to its thickness, /1/hp;

(b)

0 0.2 0.4 0.6 0.8 1.0

Ratio of distance from tube inner
surface to its thickness, /1/hpy;

(@)

Fig. 5. Calculated change in accumulated degree of deformation (a) and Vickers hardness (b) in hot-extruded tubes of alloys PT-1M,
PT-7M, Ti-3Al-2.5V through cross section from inner to outer surface.

Table 5
Extruded Tube Calculated and Test Values

Modelling results Production data
Alloy maximum value P,,.,| value in steady state |maximum value P,,,.,| value in steady state
MN stage FPye, MN MN stage Py, MN
PT-1IM 14.7 12.4 15.9 9.0
PT-TM 11.2 8.0 - -
Ti-3Al-2.5V 15.6 11.3 17.9 11.1

5. Hot-Extruded Tubes: Structure, Texture, Phase Composition, Properties. Data for the structure and
analysis of hot-extruded tubes of alloys PT-1M, PT-7M, Ti-3Al-2.5V are provided in Table 6 and in Fig. 6.

Comparison of macro- and microstructure within alloys after tube hot extrusion (see Table 6 and Fig. 6)
with the structure after expansion (see Table 4 and Fig. 4) showed that within hot-extruded tubes of alloys
PT-1m, PT-7M there is levelling out of the size (point) of a macrograin through the section of a pipe workpiece
and formation on the whole of a more fine-grained structure. This is a result of active occurrence of dynamic
and primary recrystallization processes in the course of extrusion and subsequent cooling and formation of
an a-grain shape close to equiaxed (see Fig. 6a, b). In a hot-extruded tube of alloy Ti-3Al-2.5V, having as noted
above a higher recrystallization temperature than for alloys PT-1M, PT-7M, there is almost no marked change in
macro-grain size compared with the expanded condition, but in this case, there is some thinning, deformation of
primary a-platelets due to their extension, and flattening (see Fig. 6¢, d).

Phase composition, parameter c¢/a in extruded tubes of alloys PT-1M and PT-7M, not having [} -stabi-
lizers, is almost unchanged, compared with an original workpiece (see Tables 3 and 6). In hot-extruded tube of
pseudo-a-alloy Ti—3Al-2.5V compared with a hot-worked condition within the structure there is a small in-
crease in the volume fraction of [3-phase (from 5 to 5.5%) and its lattice spacing (from 0.3213 to 0.3222 nm)
with a simultaneous reduction in ¢/a parameter for o -phase (from 1.5914 to 1.5908). The reason for the chang-

es observed in our opinion is an increase in cooling rate from the hot extruded tube deformation temperature
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Fig. 6. Typical Hot-extruded tube microstructure of alloys PT-1M (a), PT-7M (b); Ti-3A1-2.5V (c-d); (a-c) are longitudinal tube sec-

tions; (d) is tube transverse section.

Table 6

Hot-Extruded Tube Structural Analysis Data

Alloy Micrograin size Grain size, pm Phases (cla)y, ag, nm
PT-1M 1-2 15-50 100% o 1.5885 -
PT-7M 2 100-400 100% o 1.5907 -
Ti-3Al-2.5V 2-3 100-500 94.5% o +5.5% P 1.5908 0.3222

compared with a hot-forged workpiece having a greater maximum cross section by a factor of 3.6. As a result of
this in the course of tube cooling in air there is a reduction in the completeness of breakdown of the high-
temperature [3-solid solution. This provides fixation within the structure of a greater volume of [3-phase, but

with a lower content of [3-stabilizer V within it [24], that in this case remains within o -phase, which as is well
known [31, 33] on the whole facilitates the increase observed in [ -phase lattice spacing and a reduction a re-
duction in parameter c/a.
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Fig. 7. IPF, obtained from the ND and selected from the RD or TD for hot-extruded tubes of alloys PT-1M (a, d, g), PT-7M (b, ¢, h),
Ti-3Al-2.5V (c, 1, 1): (a—c) at pipe outer surface; (d—f) at half pipe thickness; (g—i) at pipe inner surface.

Study of tube structure using construction in inverse polar figures (IPF) though the wall thickness, (close to
the inner and outer surfaces and also at half the thickness) is summarized in Fig. 7. For each recording area
there are two IPF, one within a plane normal to which there is the rolling direction (designated ND in a figure),
and the second with a plane normal to it there is the radial direction (RD) or with a plane normal to which there
is a tangential direction (TD), which clearly makes it possible to indicate the texture formed during extrusion

with the typical direction along the RD and the plane within which its direction lies, for which either RD or TD
are to the normal.
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Properties of Hot-Extruded Tubes of Alloys PT-1M, PT-7M, Ti-3Al-2.5V

Table 7

Alloy Gy, MPa Go2, MPa 5, % v, % HV,e
PT-1M 451457 333-336 25-26 53,53,53 155
PT-7M 590-614 495-499 18.6-23.3 207
Ti-3Al1-2.5V 661-670 523-533 18.6-20.1 3943 221
PT-1M/TVY-14-3-821 [38] 343-539 > 245 >24 >47
PT-7TM/TVY-14-3-821 [38] 470-667 >372 >18 >36
Ti-3Al1-2.5V/ASTMB338 [17] > 620 > 483 >15

Analysis of an IPF showed that after hot extrusion within tube of alloy PT-1M there is formation of a pre-
dominantly two-component texture with similar intensity to a tangential prism {0001} + 30°TD<10-10>11 and
{0001} £ 30°TD<11-20>ND. Proceeding from the available data [15, 34] component {0001} £30°TD<11-
20>ND following from the o-phase deformation texture, formed during extrusion and component
{0001} £ 30°TD<10-10>ND is connected with occurrence within the structure (see Fig. 6a) of o -phase recrys-
tallization processes. Within hot-extruded tube of alloy Ti-3Al-2.5V a texture is predominantly recorded with
deformation component of a tangential prism of o-phase {0001} £ 30°TD<10-10>ND [35], as a result of
the fact that within hot-extruded tube recrystallization process are not developed (see Fig. 6¢, d). The most
complex textural component is typical for hot-extruded tubes of alloys PT-7M , which is characterized by strong
deformation component of a tangential prism of o-phase {0001} + 30°TD<10-10>ND close to the tube out-
er surface and presence of a less strong textural component within internal tube sections (see Fig. 7a) —
{11-20}RD<0001>ND, {12-30}RD<0001>ND at 1/2 the tube thickness and type {11-22}RD<1-100>ND,
{11-22}RD<10~11>ND.

In our opinion this effect is connected with the higher recommended deformation temperature with respect
to Ty for PT-7TM (T, —(20-40)°C) compared with alloys PT-1M and Ti—-3Al-2.5V (see section 2 of the article).
As a result with implementation of the extrusion process, in particular with transfer of a billet from the heating
furnace to the press, there is more active interim cooling of the surface layers, due to which during deformation
in these regions of the alloys it is almost in a uniform o -condition, providing formation of a deformation tex-
ture, i.e., of a {0001} + 30°TD<10-10>ND tangential prism. The internal region of a tube where there was no
significant interim cooling, deforms in the two phase o + 3-region and additionally experiences deformation
warm-up, providing an increase within the structure of the [ -phase volume fraction. As a result of formation
and subsequent cooling a less developed texture forms, connected predominantly with a 3 — o -transformation
texture as a result of which o -phase follows during phase transformation of the matrix [3-phase deformation
texture, i.e., type {100}RD<011>ND (at 1/2 the tube thickness) and{112}Rd<011>ND, i.e., both of these tex-
tures are typical for deformation of alloys with a BCC-lattice [36]. The conclusion about the type of texture
formed within [} -phase emerges from data in [37], according to which during [ — o -transformation a family
of P-phase planes is transformed into the subsequent family of o - phase planes: {100} — {11-20}-{12-30};
{110} —= {10-11}+{0001} += {1-100}; {112} — {11-22}.

Mechanical properties of hot-extruded tubes are provided in Table 7.
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Comparative analysis of these data revealed a regular increase in strength (G,, g, HV) and some re-
duction in tube ductility (8, W) properties as there is an increase in alloying content from commercial titanium
PT-IM to o -alloy PT-7M and pseudo-a -alloy Ti-3Al-2.5V (see Table 1). It is noted that the structure formed
within tubes (see Table 6) provides less scatter of strength and ductility properties in the course of some tests
(see Table 7 and Fig. 5b).

On the whole the set of properties obtained within hot-extruded tubes of the test alloys satisfies the require-
ments of the Russian TU and overseas standards laid down for them (see Table 7).

CONCLUSION

According to results of the work it is possible to draw the following conclusions.

1. An increase in the degree of alloying and forging of alloys from PT-1M to PT-7M and Ti-3Al-2.5V fa-
cilitates formation within hot-worked tube workpieces of a structure with a finer grain size and finer internal

structure. This in combination gives an increase in average hardness values for alloys from HV 150 (PT-1M)
to HV 207 (PT-7M) and HV 229 (Ti-3Al-2.5V).

2. In the course of physical modelling of hot deformation and upsetting of alloys PT-1M to PT-7M and
Ti-3Al-2.5V there is a recommended heating temperature for extrusion of tubes using the regions: PT-1M —
Tie—(50-75)°C; PT-7TM — T\ —(20-40)°C; Ti-3Al-2.5V — T, —(50-75)°C. According to these calculations the
equipment force developed during tube extrusion of a prescribed size of the test alloys within the recommended
temperature range does not exceed the maximum nominal force value by 20 MN for the horizontal press used
in the work.

3. Expansion of workpieces of PT-1M and PT-7M at temperature Ti.—(50-70)°C facilitates a reduction
in grain size, a reduction in scatter and growth of the average hardness values as a result of development of re-
crystallization processes with o -solid solution, providing grain structure refinement. Within pseudo-o -alloy
Ti-3Al-2.5V with a quite fine-grained uniform structure in an original tube workpiece and a higher recrystalli-
zation temperature expansion with 7Ty, —(80-110)°C does not lead to a marked change in structure and hardness
properties.

4. Values of maximum forces (Pp,x) and forces in the steady state stage (Fy.) of tube extrusion of the

test alloys obtained in the course of performing computer modelling have satisfactory conformity with those
measured in the course of an industrial experiment.

5. The texture formed in hot-extruded tubes of alloy PT-1M consists of a deformation texture component
and recrystallization of o.-phase, in Ti-3A1-2.5V alloy there is predominantly an o -phase deformation texture,
and in alloy PT-7M close to the upper surface of tube there is an o -phase deformation texture due to interim
cooling and within the inner regions the texture of o -phase is inherited from the -phase deformation texture

during B — o -transformation in the course of tube cooling from the extrusion temperature.

6. The set of properties obtained during hot extrusion of tubes of the test alloys according to the recom-
mended temperature-rate regime satisfies the requirements laid down for them by Russian TU and overseas
standards.

The work was carried out within the framework of the project RNF No. 18-79-10107-P.

The authors are grateful to E. A. Gornostaeva, M. S. Karabanalov, Yu. N. Loginov, A. Yu. Postylyakov, and
N. A. Shirinkina for assistance in obtaining calculated and experimental data.
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