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MATERIAL SCIENCE ASPECTS OF TITANIUM TUBE PRODUCTION.   
PART 2.  PRODUCTION OF COLD-ROLLED TUBES 

D. A. Pumpyanskiy,1,2  A. G. Illarionov,1,3  F. V. Vodolazskiy,1,4  Y. I. Kosmatskiy,5   
Y. N. Loginov,1,6  A. Yu. Postylyakov,1,7  S. M. Illarionova,1,8  and  A. A. Popov1,9 UDC 669.295 

The article provides systematization and comparative analysis of data for structure, phase composition, 
physical and mechanical properties formed within deformed pipes of semifinished products in different 
stages of preparing cold rolled pipes from hot-rolled pipe billets of titanium alloys PT–1M, PT–7M,  
Ti–3Al–2.5V.  The effect of the degree of cold deformation on strain hardening of specimens from alloy 
hot-extruded pipes of semifinished products of the test alloys is established and on the basis of this rec-
ommendations are developed for maximum acceptable degree of deformation during cold rolling of 
pipes made of PT–1M, PT–7M, Ti–3Al–2.5V alloys.  Deformation warming of alloys during cold roll-
ing is evaluated.  It is shown that cold rolling of pipes of the alloys studied into intermediate and final 
pipe workpieces with the reduction recommended contributes to the pipe strain hardening.  When simu-
lating cold rolling of pipes calculation of the Q-factor is carried out, which has a value of about 1.  Cold 
rolling with such a value of Q-factor leads to formation of a texture of an inclined tangential prism alloy-
ing alloy from PT–1M to Ti–3Al–2.5V.  It is noted that intermediate and final annealing at 680°C  
(PT–1M alloy), 750°C (PT–7M alloy, Ti–3Al–2.5V) of cold-rolled pipe billets studied facilitates alloy 
loss of strength as a result of occurrence of recrystallization and to the formation of a two-component 
texture {0001}±j°TD<10–10>RD and {0001}±j°TD<11–20>RD.  Features of structure formation, 
phase composition, and mechanical properties of pipes in relation to alloying are considered. 

Keywords: pipes, a-, pseudo-a-titanium alloys, pipe billet, simulation, cold rolling, annealing, mechan-
ical properties, structure, texture, phase composition. 

Introduction 

An increase in competiveness in the market for producing seamless pipes is mainly determined by expan-
sion of their range [1, 2], including the materials used, in particular titanium alloys [3].  Cold-rolled pipes of ti-
tanium alloys based upon a-phase are used extensively in aerospace engineering, shipbuilding, during hydrocar-
bon recovery in the sea shelf, in the sport inventory, etc., due to low eight, good specific strength indices, and  
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corrosion resistance [3–6].  Within Russia there is active work on creating production of these pipes using con-
temporary technology [10–17], including TREX (Tube Reduced EXtrusion) technology within which there is 
preparation of hot-extruded pipe.  Comparative features of structure and property formation of hot-rolled pipes 
in the course of their manufacture from commercial titanium PT–1M, a-alloy PT–7M, pseudo-a-alloy Ti–3Al–
2.5V have been considered in [18].  The aim of this work is performance of comparative analysis of the change 
in structure and phase composition and set of cold-rolled pipe properties of the alloy indicated above in various 
production stages for their preparation from hot-extruded pipe billets. 

Research Materials and Methods 

Pipe semifinished products from PТ–1М (Ti–0.4Al), a-alloy PТ–7М (Ti–2.2Al–2.7Zr), pseudo-a-alloy Ti–
3Al–2.5V were used (Ti–3.06Al–2.67V is the average alloying element content in an alloy indicated in wt.%). 

From the hot-extruded pipes, studied in [18], electro-erosion was used for bar specimens 1.05 mm in di-
ameter and 150 mm long (from pipes 102´13 mm — alloys PТ–1М; PТ–7М) and 250 mm (from pipes 
90´20 mm — alloy Ti–3Al–2.5V), subjected to cold rolling in a two-roll stand with roll diameter of 110 mm  
by an “oval–oval” sizing scheme with degree of deformation, %: 11.2; 37.9 and 53.8 (PТ–1М); 10.8; 36.8 and 
53.5 (PТ–7М); 18; 41.6; 56 and 65.5 (Ti–3Al–2.5V).  The stress-strained state formed with this deformation 
scheme is similar to a state obtained during cold pipe rolling [19].  Proceeding from the data obtained for 
strengthening cold-rolled alloys, hot-rolled pipes were subjected to cold rolling in several passes with a specific 
degree of deformation with performance of intermediate annealing between passes and final annealing (specific 
annealing temperature was selected proceeding from the alloy grade). 

Structure and phase, textural conditions, and set of properties obtained in developing semifinished products 
were studied by optical (Olympus GX51 instrument) and scanning (Zeiss Aurega unit) microscopy using 
an EBSD analysis (electron back scattering diffraction), hardness measurement according to Vickers with a load 
of 100 g (980.7 N) in a Zwick/Roell ZHU type 6187–5 LKV universal harness meter, and determination of me-
chanical properties in tension in an MTS Insight 100 machine according to GOST 1497–84 “tensile test meth-
ods.”  Modelling of cold rolling was accomplished with a DEFORM 3D complex program using boundary con-
ditions described in [20]. 

Results and Discussion 

Effect of the Degree of Cold Deformation on Strain Hardening of Specimens of Hot-Extruded Pipe Sem-
ifinished Product.  It is well known [21, 23] that cold rolling of titanium alloys based upon a-phase leads to 
strain hardening and a reduction in ductility properties.  Therefore, before cold rolling hot-extruded pipes of  
alloys PТ–1М, PТ–7М, Ti–3Al–2.5V were used for studying the of the degree of rolling cold plastic defor-
mation by an “oval-oval” scheme on the change in strength and ductility properties of bar specimens of these 
pipes.  Data for the change in ultimate breaking strength (ultimate strength) and relative elongation of alloys  
in relation to the degree of cold deformation during rolling are provided in Fig. 1.  It is seen that with an increase 
in the degree of alloy cold plastic deformation there is predominantly an increase in the value of ultimate 
strength and a reduction in the value of relative elongation.  Comparison of dependences in Fig. 1 for alloys  
PТ–1М and Ti–3Al–2.5V with data in [21, 22] showed that on the whole they repeat this path of dependences 
obtained previously for similar with respect to composition to PT–1M commercial titanium VT1–0 and alloy  
Ti–3Al–2.5V with degree of deformation from 30 to 70% [22].  In this case the effect of strain hardening  
in the test alloy Ti–3Al–2.5V appeared to higher than in work [22] for the maximum value of ultimate strength  
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 (a)  (b)  

Fig. 1. Change due to the degree of cold plastic deformation of strength and ductility properties for bars of alloys PT–1M, PT–7M, Ti–
3Al–2.5V: (a) ultimate strength; (b) relative elongation.   

in Fig. 1 ≈1070 MPa against 950 MPa [22] with a comparable minimum level of ductility characteristics of 
about 8%.   

A possible reason for the divergence noted in the ultimate strength level is the higher content of 
a-stabilizers (Al, impurities O, C, N), increasing alloy  Ttr  and strengthening it in the alloy studied Ti–3Al–2.5V 
compared with those studied in [22], whose melted composition is not provided, but  Ttr = 910°C  is shown, 
which is lower than for our alloy (925°C).  It also follows from Fig. 1 that after cold rolling by an identical de-
gree the level of ultimate strength is higher and relative elongation is lower the greater the alloying element con-
tent in alloy, that is from PТ–1М to PТ–7М and Ti–3Al–2.5V. 

Proceeding from analysis of the change in relative elongation value in relation to the degree of deformation 
with cold rolling of alloys (see Fig. 1) and considering that after cold deformation it is expedient to have a re-
serve of ductility of the order of 10%, it was recommended during performance of pipe cold rolling to limit the 
maximum degree of deformation for alloys as follows: PT–1M up to the greatest used in the study (about 55%), 
PT–7M up to 50%, Ti–3Al–2.5V up to 40%. 

In addition, there was evaluation of the deformation heating of alloys in the course of cold rolling.  For this 
a heating  (D t)  calculation formula obtained from the first rule of dynamics for plastic deformation from [23] 
was used 

 Dt  = ktsΛ/cr, 

where   
  k   is the proportion of heat going into warming a deformed alloy, of the whole of the work during 

plastic deformation (≈0.8–0.9), in the work for calculation a value of 0.8 was adopted due to supple-
mentary cooling by preparation emulsion in the course of cold rolling;   

  ts   is the value of tangential stress, MPa, may be calculated in terms of alloy yield strength before de-
formation by an equation  t = s0.2/√3  [23];   

  L   is the true degree of shear deformation and may be calculated by a formula from work [24]:   
L = √3knon lnµ,  where  knon ≈ 1.3  is nonmonoticity deformation coefficient,  µ = Fo/Fe  extension 
coefficient where  Fo  and  Fe  are the cross-sectional area of semifinished product before and after de-
formation respectively;   

  c   is alloy specific heat capacity before deformation J/(kg·К);   
  r   is alloy density kg/m3. 
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 (a)  (b)  

Fig. 2. Values of Q-factor through a pipe wall of intermediate size 38´4.1 mm of alloy PT–1M (a), final size 38´5.6 mm of alloy  
Ti–3Al–2.5V (b). 

Table 1 
Starting Data and Results of Calculating Deformation Heating during Cold Rolling of  

Alloys PT–1M, PT–7M, Ti–3Al–2.5V 

Alloy s0.2,  MPa [18] ts,  MPa µ L c,  J/(kg·К) r,  kg/m3 D t,  °С 

PT–1М 335 193.4 2.2 1.78 502.1 [25]  4520 [25] 189 

PT–7М 497 286.9 2.1 1.67 540.5 [26–27] 4490 [26–27] 158 

Ti–3Al–2.5V 528 304.8 2.9 2.4 544 [28] 4480 [28] 240 

The starting data for calculation and obtaining the amount of warm-up with the maximum degree of cold 
plastic deformation of bars of the alloys studied are provided in Table 1. 

As is seen from the results of performing calculations, depending on the alloy and the degree of its exten-
sion (2.1–2.9) warm up during cold rolling does not exceed 240°C, which is considerably lower than the test 
alloy recrystallization temperature [18, 22, 25]. 

Calculation of the Q-Factor by Computer Modelling of the Pipe Cold Rolling Process.  Before performing 
cold rolling, computer modelling was accomplished for this process using DEFORM 3D software.  Conditions 
for the stated problem during modelling have been described in [20] according to which modelling result the so-
called Q-factor [29] was calculated that specifies the ratio of the amount of reduction through a wall thickness  
to pipe diameter in the course of rolling.  The value of the Q-factor mainly determines the type of texture formed 
with alloy after cold rolling [29].  Results of calculations on the example of pipe preparation of intermediate size 
38´4.1 mm (PT–1M) and final size (Ti–3Al–2.5V) are presented in Fig. 2. 
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Analysis of the dependences obtained showed that the value of the Q-factor changes somewhat through 
a pipe wall thickness and along the specific radius, the Q-factor is predominantly at a minimum for internal pipe 
layers having a tendency towards an increase with movement towards the outer wall.  On the whole the value of 
the Q-factor for pipes of intermediate size 38´4.1 mm of alloy PT–1M in relation to location through pipe walls 
varies within the limits of 0.8–1.17, and its average value is 0.937.  For pipes of final size of Ti–3Al–2.5V  
the range of range of variation of Q-factor values is 0.82–1.56 and the average value is ≈1.144.  It is noted that 
the average value of Q-factor obtained with modelling has good conformity with its analytical calculated value 
(0.937 — PТ–1М, 1.178 — Ti–3Al–2.5V) by an equation [29]: 

 Q  =  ln(ti/tf)/ln(Di/Df), 

where  ti  and  tf  are pipe wall thickness, and  Di,  Df  are pipe diameter before and after rolling respectively. 
The average value of the Q-factor after cold rolling is much and is about 1 in pipes of intermediate size 

384.1 mm (PТ–1М) and final size 385.36 mm (Ti–3Al–2.5V).  This indicates that the reduction in value during 
rolling through the wall and diameter of the pipes obtained is similar, and in this case there is normally for-
mation of a texture of an inclined tangential prism  {0001}±j°ТD<10–10>RD  [29],  ТN {0001}±j°ТD<10–
10>RD  [29],  ТD  is a plane normal to which serves the tangential direction in a pipe, and  RD  is the cold roll-
ing direction.  In fact formation of this structure in these pipes is recorded in the work and reflected in the fol-
lowing section. 

Formation of the Structure, Texture, Phase Composition and Properties During Pipe Cold Rolling.   
On the example of cold-rolled pipes of intermediate 384.1 mm (alloy PТ–1М) and final 385.36 mm (alloy Ti–
3Al–2.5V) sizes typical features are considered for structure-phase formation, textural condition and the change 
in hardness properties of pipe semifinished products as a result of tolling. 

Cold-rolled pipe of intermediate size 38´4.1 mm of alloy PT–1M was produced from a pipe billet with 
a size of 68´7.1 mm prepared by cold rolling from hot-extruded pipe.  A typical microstructure in a longitudinal  
section of annealed pipe 68´7.1 mm and that obtained from pipe 38´4.1 mm is given in Fig. 3.  Comparative 
analysis of pipe semifinished product microstructure in an annealed condition and after cold rolling showed that 
the recrystallized structure formed in the course of annealing at 680°C is in the form of equiaxed a-grains with 
an average size of about 15 μm (see Fig. 3a) during cold rolling acquires a typical fibrous structure with extend-
ed a-grains along the rolling direction and flattening in a perpendicular direction (see Fig. 3b). 

XPMA showed in both annealed at 680·C and cold-rolled conditions that a-phase has comparable lattice pa-
rameters:  а = 0.2949±0.0001 nm,  с = 0.4683±0.0001 nm,  с/a = 1.588.  In this case a-phase diffraction line 
intensity during X-ray recording from longitudinal and transverse pipe sections in annealed and cold-rolled con-
ditions differs, which points to formation under these conditions of a different texture, which has been studied  
in more detail by the EBSD method for construction of direct polar figures (DPF) (Fig. 4).   

Analysis of DPF showed that in pipe 68´7.1 mm of alloy PТ–1М annealed at 680°C there is formation of 
a texture of an inclined tangential prism with two components:  

 (1) {0001}±30°TD<10–10>RD,  apparently “inherited” due to preceding cold rolling;  

 (2) {0001}±30°ТD<11–20>RD,  formed as a result of a-phase recrystallization during annealing (see 
Fig. 4a) that has been noted previously in [30].  After cold rolling in pipe 38´4.1 mm only a deformed 
component of the texture  {0001}±30°ТD<10–10>RD  (see Fig. 4b) is retained, which is in good 
agreement with the value  Q < 1  calculated above [29]. 
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 (a)  (b)  

Fig. 3. Typical microstructure within longitudinal section of pipe annealed at 680°C with size of 68´7.1 mm (a) and cold-rolled tube 
38´4.1 mm (b) of alloy PT–1M. 

 
(a) 

 
(b) 

Fig. 4. DPF from 1/2 of wall annealed at 680°C of pipes 68´7.1 mm (a) and cold-rolled pipes 38´4.1 mm (b) of alloy PT–1M, RD is 
radial direction; ROD is rolling direction; TD is tangential direction (not shown) — emerges over the normal from the DPF 
center. 

Presence after rolling of a texture of an inclined tangential prism leads to anisotropy of orientation depend-
ent physical properties, i.e., elasticity modulus, which appears to be at a maximum  (103±4 GPa)  within a lon-
gitudinal section, normal to which there is the tangential direction (TD) and minimal  (93±3 GPa)  in a trans-
verse direction, normal tow which is the rolling direction (RD).  This agrees with published data [31], since pro-
ceeding from the established texture, within the TD there is predominantly the high modulus direction  <0001>,  
and in the RD a more low-modulus direction.   
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 (a)  (b)  

Fig. 5. Typical microstructure within longitudinal section of pipe annealed at 750°C with size of 54´8 mm (a) and cold-rolled tube 
38´5.36mm (b) of alloy Ti–3Al–2.5V. 

Hardness values obtained for cold-rolled pipes 38´4.1 mm of PT–1M vary within the limits from 200  
to 208 HV, the average value of 204 HV, which is higher than for annealed pipe with a size of 68´7.1 mm 
(155 HV) and points to occurrence of strain work hardening typical for cold rolling. 

Cold-rolled pipe of final size of 38.1´5.36 mm of alloy Ti–3Al–2.5V was prepared from cold-rolled pipe 
54´8 mm annealed at 750°C.  A typical microstructure of annealed and  
cold-rolled pipe is provided in Fig. 5.  In annealed with a size of 54´8 mm the structure consists of equiaxed 
recrystallized a-grains and residual b-phase predominantly arranged in the form of individual precipitates over 
a-grain boundaries and to a lesser extent within the body of them (see Fig. 5a).  Cold rolling leads to extension 
of a-grains and residual b-phase along the rolling direction (see Fig. 5b). 

According XPMA data, both after annealing and after rolling alloy Ti–3Al–2.5V it is in a two-phase  a + b-
condition with a ratio of phase structure  95%a + 5%b,  which has the following parameters:  аa = 0.2937±  
0.0002 nm;  сa = 0.4672±0.0002 nm;  с/а = 1.591±0.002;  аb = 0.3198±0.0003 nm.  By comparing the a-phase 
lattice parameter obtained for alloy Ti–3Al–2.5V with similar parameters for alloy PT–1M provided above,  
it is seen that spacing  aa,  ca  are lower, but parameter  с/а  is higher in alloy Ti–3Al–2.5V.  This is typical  
with an increase in aluminum content within alloy [31], which is fulfilled for alloy Ti–3Al–2.5V with respect  
to PT–1M.   

Analysis of a DPF (Fig. 6) recorded with annealing at 750°C for pipes 54´8 mm in size and cold rolling of 
pipes 38.1´5.36 mm of alloy Ti–3Al–2.5V show as in the case considered above for annealed and cold-rolled 
alloy PT–1M (see Fig. 4) during annealing that there is formation of a two-component texture (see Fig. 6a) with 
a component  {0001}±40°ТD<10–10>RD,  also “inherited” from intermediate cold rolling and a component  
{0001}±40°ТD<11–20>RD,  formed as a result of a-phase recrystallization in the course of annealing at 
750°C.  It should be noted that in pipe 54´8 mm of alloy Ti–3Al–2.5V annealed at 750°C the structure is more 
dissipated (see Fig. 6a) compared with pipe of alloy PT–1M that annealed at 680°C (see Fig. 4a), probably due 
to presence within the alloy Ti–3Al–2.5V structure of residual b-phase making a specific contribution to retard-
ing development of textured components.  In cold-rolled pipe 38.1´5.36 mm of alloy Ti–3Al–2.5V a single 
component deformation texture of a-phase is recorded, i.e., tangential prisms  {0001}±40°ТD<11–20>RD  
(see Fig. 6b), also more scattered than within cold-rolled pipe 38´4.1 mm of alloy PT–1M (see Fig. 4b). 

Occurrence of weakening processes for cold deformed alloy during annealing and conversely occurrence  
of strain work hardening during subsequent cold rolling leads to the situation that in annealed pipe 54´8 mm of  
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(a) 

 

(b) 

Fig. 6. DPF from 1/2 of wall annealed at 750°C of pipes 54´8mm (a) and cold-rolled pipes 38´5.36mm (b) of alloy Ti–3Al–2.5V:  
RD is radial direction; ROD is rolling direction; TD is (not shown) coincides with the normal emerging from the DPF center. 

alloy Ti–3Al–2.5V the hardness is quite low with an average value of HV 218 and with greater scatter  
(HV 211–223), and after cold rolling hardness increases to an average value of HV 245 and its scatter increas-
es (HV 231–267).  It may be noted that due to a higher alloying element content both within recrystallized and 
cold-rolled conditions pipe billet hardness of alloy Ti–3Al–2.5V is higher than for pipe of a corresponding con-
dition in alloy PT–1M (see data above). 

Effect of Final Annealing on Structure Formation, Texture, Phase Composition, and Cold-Rolled Pipe 
Properties.  Analysis of the structure of annealed pipes with final sizes 252 mm (PТ–1М), 50´4 mm (PТ–7М), 
38.1´5.36 mm (Ti–3Al–2.5V) (Fig. 7), showed that for the alloys it is similar and consists of recrystallized  
a-grains with a size of 25±5 μm (PТ–1М), 20±3 μm (PТ–7М), 10±2 μm (Ti–3Al–2.5V).  A distinguishing fea-
ture of the annealed structure of pipe 38.1´5.36 mm of pseudo-a-alloy Ti–3Al–2.5V is presence within it apart 
from a-grains, residual b-phase in the form of individual inclusions predominantly located over a-grain bounda-
ries (see Fig. 7c). 

Data obtained as a result of calculating diffraction patterns for crystal lattice parameters of phases in an-
nealed pipes of final size of alloys PТ–1М, PТ–7М, Ti–3Al–2.5V are provided in Table 2. 

The phase composition and lattice parameters of test alloy phases as a whole do not experience marked 
changes compared with intermediate treatments (see sections above): in a-alloys PT–1M, PT–7M also recorded 
is a single-phase a-condition, and pseudo-a-alloy there is a two-phase  a+b-condition with a small amount of 
b-phase.  Due to an increase in aluminum content an increase in a-phase c/a-parameter is observed in alloys 
from PT–1M to PT–7M and Ti–3Al–2.5V. 
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 (a) (b) (c) 

Fig. 7. Typical microstructure within longitudinal section of cold-rolled pipe 25´2mm of alloy PT–1M and annealed at 750°C of cold-
rolled pipes 50´4 mm of alloys PT–7M (b), 38.1´5.36 mm of alloy Ti–3Al–2.5V (c). 

Table 2 
Phase Parameters in Annealed Pipes of Alloys PТ–1М, PТ–7М, Ti–3Al–2.5V 

Alloy PT–1М PT–7М Ti–3Al–2.5V 

aa,  nm 0.2950 0.2948 0.2936 

ca,  nm 0.4682 0.4690 0.4673 

с/а 1.587 1.591 1.592 

ab,  nm – – 0.3199 

DPF obtained in the course of the EBSD-analysis, recorded in annealed pipes with sizes of 25.0´2.0 mm of 
PТ–1М, 38.1´5.36 mm of Ti–3Al–2.5V, are provided in Fig. 8.  As in the case intermediate annealing (see 
Figs. 4a, 6a) in pipes after final annealing there of mainly formation of a textured condition with two compo-
nents  {0001}±j°ТD<10–10>RD  and  {0001}±j°ТD<11–20>RD.  A tendency is retained of weakening and 
scatter of the main textural components with a changeover from commercial titanium PT–1M to pseudo-a-alloy 
Ti–3Al–2.5V. 

Vickers hardness measurement for annealed pipes showed that compared with a cold-rolled condition (see 
above) as a result of occurrence of recrystallization process within alloys the hardness decreases and compris-
es HV: 141±3 (PТ–1М), 172±3 (PТ–7М), 221±4 (Ti–3Al–2.5V).  in this case the average level of hardness 
value increases as there is an increase in alloying element content within alloy from PТ–1М to PТ–7М and Ti–
3Al–2.5V. 

Mechanical properties of annealed pipes of final size, obtained after standard specimen tensile testing, and 
specifications of standards for them from the TU are provided in Table 3.   

As is seen from Table 3, an increase in the level of alloying for alloys from commercial titanium PT–1M  
to a-alloy PT–7M and then pseudo-a-alloy Ti–3Al–2.5V provides formation within final size annealed pipes of 
a higher strength condition with some reduction in ductility.  The annealed pipes obtained 25.0´2.0 mm of al-
loy PТ–1М, 50.0´4.0 mm of alloy PТ–7М, 38.1´5.36 mm of alloy Ti–3Al–2.5V satisfy the specifications for  
a set of mechanical properties laid down by the existing TU 14–3-820 for pipes of alloys PT–1M, PT–7M, and  
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(a) 

 

(b) 

Fig. 8. DPF obtained from longitudinal section of annealed pipes of final size 25.0´2.0 mm of alloy PT–1M (a) 38.1´5.36 mm of alloy 
Ti–3Al–2.5V (b); RD is radial direction; ROD is rolling direction; TD (not shown) coincides with the normal emerging from the 
DPF center. 

Table 3 
Mechanical Properties (Average Values) of Annealed Pipes of Alloys PT–1M, PT–7M, Ti–3Al–2.5V  

and Requirements for Them According to the TU,  ss0.2  Standards 

Pipe of alloy sf,  MPa s0.2,  MPa d,  % 

Pipe 25.0´2.0 mm of PТ–1М 508 381 27.5 

Specifications for PТ–1М by ТU 14-3-820 353–569  ³216 ³27 

Pipe 50.0´4.0 mm of PТ–7М 600 466 23.1 

Specifications for PТ–7М by ТU 14-3-820 480–667  ³382 ³20 

Pipe 38.1´5.36 mm of Ti–3Al–2.5V 683 560 18.1 

Specifications for Ti–3Al–2.5V by ASTM B338–03 ³620 ³483 ³15 

standard ASTM B338003 for pipes of alloy Ti–3Al–2.5V (see Table 3).  From this it follows that the TREX-
technology proposals for producing annealed cold-rolled pipes of alloys of commercial titanium PT–1M, a-alloy 
Ti–3Al–2.5V, and pseudo-a-alloy Ti–3Al–2.5V successfully pass approval for plant equipment under industrial 
conditions. 
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CONCLUSION 

The following conclusions have been drawn on the basis of work carried out: 

1.  Proceeding from data for a change in strength and ductility properties with an increase in the degree of 
cold deformation by rolling specimens of the alloys studied, cut from finished hot-extruded pipes, it is recom-
mended during performance of pipe cold rolling to limit the maximum degree of deformation for alloys as fol-
lows: PT–1M up to that most used in research (about 55%); PТ–7М — up to 50%; Ti–3Al–2.5V — up to 40%. 

2.  Evaluation of deformation heating of alloys PТ–1М, PТ–7М and Ti–3Al–2.5V in the course of cold roll-
ing has demonstrated that heating does not exceed 240°C, i.e., considerably lower than the test alloy recrystalli-
zation temperature. 

3.  The Q-factor calculated during modelling of cold rolling pipes with the recommended degree of defor-
mation into pipes of intermediate and final sizes of alloys PT–1M and Ti–3Al–2.5V, characterizing the ratio of 
reduction through a wall to a reduction over a pipe diameter, is comparable with theoretical and has a tendency 
towards an increase from the inner to the outer wall along a fixed radius. 

4.  Cold rolling of pipes of the test alloys into intermediate and final pipe workpieces with the reduction 
recommended with which the Q-factor is about 1 facilitates both strain hardening and also formation of a pre-
scribed Q-factor typical for formation of a texture of an inclined tangential prism  {0001}±j°ТD<10–10>RD,  
whose scattering increases with an increase in alloys from PT–1M to Ti–3Al–2.5V. 

5.  Intermediate and final annealing at 680°C (alloy PТ–1М), 750°С (alloys PТ–7М, Ti–3Al–2.5V) of cold-
rolled pipe workpieces of the alloys studied facilitates alloy weakening as a result of the occurrence of recrystal-
lization processes and formation of a two-component texture  {0001}±j°ТD<10–10>RD  and  {0001}±  
j°ТD<11–20>RD.   

6.  A set of mechanical properties obtained in annealed cold-rolled pipes of final size 25´2 mm (PТ–1М), 
50´4mm (PТ–7М), 38.1´5.36 mm (Ti–3Al–2.5V) by TREX-technology, including hot extrusion processes for 
finished pipes of the test alloys by the recommended temperature-rate regime and subsequent multipass cold 
rolling with the recommended degree of deformation, with intermediate and final annealing at prescribed tem-
peratures, satisfy the specifications laid down for them of the Russian TU (alloys PT–1M, PT–7M) and overseas 
standards (alloys Ti–3Al–2.5V). 

Work was conducted within the scope of project RNF No. 18-79-10107-P.  

The authors thank E. A. Gornostaeva, M. S. Karabanalov, N. A. Shirinkina for help in obtaining calculated 
and experimental data. 
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