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STRUCTURE, PHASE COMPOSITION AND MECHANICAL PROPERTIES OF  
HOT-EXTRUDED Ti–3Al–2.5V PIPE AFTER VACUUM ANNEALING 

I. Yu. Pyshmintsev,1,2  Ya. I. Kosmatskii,1,3  E. A. Gornostaeva,4  A. G. Illarionov,5,6    
F. V. Vodolazskii,5,7  P. S. Radaev,5,8  and  M. S. Karabanalov5,9 UDC 669.295 

The structure and properties of the hot-extruded Ti–3Al–2.5V pipe 90.0 × 20.0 mm in cross section sub-
jected to vacuum annealing are studied using methods of macro-, micro-, X-ray analyses, tensile and 
Vickers hardness tests.  It is shown that during vacuum annealing within the microstructure there is de-
velopment of α-phase and formation of a more equilibrium (α + β)-condition compared with the condi-
tion after hot extrusion, and these changes are reflected in phase parameters, their volume fraction and 
chemical composition.  It is shown that development of recrystallization processes through a pipe cross 
section also play a specific role in forming the textural condition in different areas of the cross section 
(outer surface, 1/2 wall thickness, inner surface of the pipe).  It is noted that vacuum annealing facilitates 
a reduction in the scatter of hardness in a pipe cross section and to formation of the combination of me-
chanical properties with good ductility and a moderate strength level. 

Keywords: microstructure, hot-extruded pipe, extrusion, pseudo-α-alloy, Ti–3Al–2.5V, texture, me-
chanical properties. 

Pseudo-α-alloy Ti–3Al–2.5V (Grade 9) is used extensively for preparing pipe components, including by 
TREX (Tube Rolling Extrusion) technology [1].  Pipes of this alloy operate in marine complexes, and also are 
used in aerospace systems [2, 3].  TREX technology, assimilated under conditions of the TMK Group plant ap-
plied to alloy Ti–3Al–2.5V, includes several main production operations [4], i.e., preparation by hot extrusion of 
pipe that is the subjected to cold rolling to the final size.  Between deformation operations for pseudo-α-alloy  
it is often necessary to conduct vacuum annealing [5].  In particular, this makes it possible to provide a reduction 
in hydrogen content after hot extrusion to a safe level [6], in order to avoid development embrittlement during 
cold deformation [5].  The authors in [4, 7, 8] have considered production aspects of forming the structure and 
properties of hot-extruded pipes of this alloy.  In this case in order to perform pipe cold deformation it was sub-
jected to vacuum annealing for 120 min.  Choice of the vacuum annealing temperature was accomplished on the 
basis of recommendations lodged in [5]: the lower limit of the annealing temperature range should correspond  
to the temperature range 550–600 ºC with the aim of providing dissolution of an oxide film in a vacuum and the 
upper limit of the temperature of not more than 800 ºC since at higher temperature there is active development of  
                                                        
1 OAO RosNITI, Chelyabinsk, Russia. 
2 E-mail: secretariat@rosniti.ru.  
3 E-mail: kosmatski@rosniti.ru.  
4 OOO TMK NTTs, Chelyabinsk, Russia, e-mail: filyaeva@rosniti.ru.  
5 B. N. Elt’tsyn Ural Federal University Ekaterinburg, Russia. 
6 E-mail: a.g.illarionov@urfu.ru.  
7 E-mail: f.v.vodolazskiy@urfu.ru.  
8 E-mail: p.s.radaev@urfu.ru.  
9 E-mail: m.s.karabanalov@urfu.ru. 

 
Translated from Metallurg, Vol. 63, No. 7, pp. 71–77, July, 2019.  Original article submitted January 16, 2019. 

  0026-0894/19/0708-0751      ©  2019    Springer Science+Business Media, LLC 751 

DOI 10.1007/s11015-019-00885-w



752 I. YU. PYSHMINTSEV,  YA. I. KOSMATSKII,  E. A. GORNOSTAEVA,  A. G. ILLARIONOV,  F. V. VODOLAZSKII,  ET AL. 

vacuum etching of the surface.  Proceeding from this considering the relatively low (≈ 0.2 Pa) degree of vacuum 
in the industrial furnace used for annealing, a temperature of 750 ºC was selected, i.e., close to the upper limit, 
which makes it possible to accelerate the dehydrogenation process. 

The aim of the work is to study formation of the structure, phase composition, and properties of hot-
extruded pipe material of alloy Ti–3Al–2.5V after vacuum annealing. 

Material and Research Procedure 

Specimens used for the study were selected from hot-extruded pipes of the test alloy.  The titanium alloy 
chemical composition (average according to the certificate) Ti–3Al–2.5V, wt.%: base Ti, 3.06 Al, 2.67 V, 
0.15 Fe, 0.102 O, 0.004 N, 0.007 C. 

Macrostructural, microstructural, X-ray structural, and hardness analyses, and also mechanical property 
tests in tension were used for the study. 

An OLYMPUS GX51 optical was used for microstructural studies.  Microsection etching was performed in 
aqueous nitric and fluoric acids in the ratio  HF : HNO3 : H2O = 1 : 3 : 5. 

X-ray phase analysis was performed in a Bruker D8 Advance unit in copper Kα-radiation in the range of 
angles 2θ = 34–102°.  The method of complete Rietveld analysis [9] was used for quantitative X-ray phase anal-
ysis employing TOPAS® 4.2 software. 

Mechanical tests in static tension according to GOST 1497-84 were conducted in a CCU MTS-Insight 100 
rupture machine using proportional cylindrical specimens cut in the longitudinal direction.  Vickers hardness 
measurement (GOST 6507-1-2007) was carried out in a Zwick/Roell ZHU type 6187-5 LKV universal hardness 
meter with a load of 100 kg (980.7 N).  Hardness measurement in a specimen was carried out from the inner to 
the outer surface of a transverse pipe section with a pitch in the radial direction of 3 mm between indentations. 

Structural studies carried out by a scanning electron microscope using a Zeiss Auriga instrument that al-
so made it possible to determine local alloy chemical composition by X-ray microanalysis (XMRA) using  
an Oxford Inca attachment and to accomplish textural analysis of specimens by means of an attachment for HKL 
back-scattered electron diffraction. 

Research Results and Discussion 

In order to determine the phase composition of a test specimen a diffraction pattern for a longitudinal sec-
tion was recorded (Fig. 1). 

Only lines for α- and β-phases are present in a diffraction pattern, which have the following parameters:  
аα = 0.2937 nm,  cα = 4677 nm,   c/aα  = 1.5925,  аβ = 0.3196 nm.  Comparison of the data obtained with data 

for hot-extruded pipe before vacuum annealing  (Vβ = 5.5%,  аβ = 0.3222 nm,   c/aα  = 1.5908)  makes it possi-
ble to conclude that performance of vacuum annealing with slow furnace cooling facilitates preparation of  
a more uniform α + β-condition with a smaller volume faction of β-phase within the pipe structure, and corre-
spondingly with smaller lattice spacing  (aβ)  and large  с/а  α-phase parameter. 

As in the case of annealed hot-extruded condition, the maximum intensity in diffraction patterns in a longi-
tudinal section applies to line 0002α, which is typical for the tangential (circumferential) basic texture [10] when 
the normal to the plane of base 0001α coincides with the tangent to the circumference in a pipe cross section. 

The microstructure of annealed hot-extruded pipe specimens in transverse and longitudinal sections, selected 
from different areas (for the inner surface, at half the wall thickness, and at a pipe outer surface)  is given in Fig. 2.   



STRUCTURE, PHASE COMPOSITION AND MECHANICAL PROPERTIES OF HOT-EXTRUDED TI–3AL–2.5V PIPE  753 

 

Fig. 1.  Diffraction pattern after vacuum annealing of a Ti–3Al–2.5V alloy specimen composed by the Rietveld method. 

   
 (a) (b) (c) 

   
 (d) (e) (f) 

Fig. 2. Microstructure in longitudinal (a), (c), (e) and transverse (b), (d), (f) sections of Ti–3Al–2.5V alloy pipe in annealed condition: 
(a), (b) in specimen outer surface; (c), (d) at half wall thickness; (e), (f) at specimen inner surface. 

In a transverse cross section the grain structure appears to be relatively equiaxed, but in a longitudinal section 
grains of α-component are predominantly extended along a pipe axis, coinciding with the extrusion direction 
(see Fig. 2); β-phase is arranged between α-phase grains in the form of compact areas, represented by point local 
formations.  It has been revealed that after vacuum annealing alongside α-phase grains extended during hot  
extrusion,  recorded  in  [10],  primary  recrystallization  develops for α-phase grains of equiaxed shape with a size  
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 (a) (b) (c) 

Spectrum Al Ti V Fe Total Spectrum Al Ti V Fe Total 

Spectrum 1 0.70 66.0 19.6 13.6 100.00 Spectrum 1 0.59 69.40 20.83 9.18 100.00 
Spectrum 2 3.59 94.7 1.70  100.00 Spectrum 2 1.01 74.32 16.50 8.17 100.00 
Spectrum 3 2.77 94.6 2.62  100.00 Spectrum 3 2.78 95.25 1.97  100.00 
Spectrum 4 3.48 94.1 2.33  100.00 Spectrum 4 3.57 94.22 2.21  100.00 
      Spectrum 5 2.65 95.40 1.94  100.00 
      Spectrum 6 2.66 95.25 2.09  100.00 
Max. 3.59 94.7 19.6 13.6  Spectrum 7 3.33 94.87 1.80  100.00 
Min. 0.70 66.0 1.70 13.6  Spectrum 8 3.19 93.40 2.89 0.52 100.00 
      Max. 3.57 95.40 20.83 9.18  
      Min. 0.59 69.40 1.80 0.52  

All results given in wt.% 

Fig. 3. Pipe material structure in annealed condition in longitudinal section (a), area of spectrum recording by XMRA method and 
chemical composition corresponding to it (b), (c). 

of 15–20 μm, including with annealing twins.  The amount of recrystallized α-phase grains is at a maximum  
at the outer surface of a hot-extruded pipe and decreases with advance towards the inner surface (see Fig. 2).  
This change in structure during vacuum annealing confirms the fact that of greater deformation warm-up of  
a pipe inner surface during extrusion established in the course of studying hot-extrude pipes without annealing.  
This apparently facilitates more complete removal of strain work hardening as a result of extrusion in these areas 
and reduces the stimulus for recrystallization during subsequent vacuum annealing (see Fig. 2). 

A typical form of the alloy microstructure in a longitudinal section, obtained by scanning electron micros-
copy (SEM) and data for local for the local chemical and phase compositions in this structure, obtained by the 
XMRA method, are provided in Fig. 3.  Analysis of the microstructure of annealed pipe revealed by the SEM 
method (see Fig. 3) confirms optical microscopy data pointing to presence within it of areas with both a recrys-
tallized (see Fig. 3b) and also unrecrystallized α-phase (see Fig. 3c).  Residual β-phase is localized in the 
form of predominantly extended, in a number of cases equiaxed, lighter areas between α-grains (see Fig. 3).  
The thickness of these areas is normally not more than 1 μm. 

XMRA data (see Fig. 3b, c) has shown that the chemical composition of α- and β-phases formed in the 
structure differ considerably.   In all of the test pipes β-phase contains a maximum amount of vanadium and iron,  
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and a minimum amount of aluminum, but α-phase conversely.  On the basis of data of Fig. 3b it may be con-
cluded that in the test hot-extruded pipes β-phase contains ≤ 1% Al, 20.8% V, 13.6% Fe, and α-phase contains 
≤ 3.6% Al, 2.1% V, and it hardly contains Fe.  On the whole in test alloy Ti–3Al–2.5V under equilibrium condi-
tions in α-phase the aluminum content on average is higher by a factor of five, vanadium is approximately ten 
times lower than in β-phase, and iron is almost entirely concentrated in β-phase.  This is in good agreement with 
data in [11] for the solubility of these elements in α- and β-phases. 

In order to analyze the change in textural composition of α-phase as the main structural component of Ti–
3Al–2.5V alloy, the method of back-scattered electron diffraction was employed.  Records were made of a lon-
gitudinal section of pipe at an outer surface, at half the wall thickness, and at the inner surface.  Specimens dur-
ing recording were arranged in order that the direction of the pipe axis, coinciding with the extrusion direc-
tion (ED), corresponded to axis  X  during recording, the direction along the pipe radius (RD) corresponded to 
axis  Y  during recording, and the direction over the tangent to the pipe circumferences, or the tangential direc-
tion (TD), coincided with the  Z  direction during recording.  Direct pole figures (DPF) obtained in the course of 
studies for base planes {0001}, first and second order prisms {10–10}, {11–20} correspondingly, and also im-
ages of the areas analyzed along the  X,  Y,  and  Z  axes in diffraction contrast are given in Fig. 4. 

Analysis of the DPF obtained for a specimen after vacuum annealing showed they have certain similari-
ty for all three of the areas analyzed, i.e., maximum intensity of poles in plane {10–10} along the  X  axis,  
i.e., along the pipe axis in the ED, and location of the poles from the base plane {0001} close to the  Z  axis, i.e., 
close to the tangential direction (see Fig. 4).  This is typical for the texture of a circular prism of a pipe that 
formed during pipe hot extrusion and evidently is inherited during vacuum annealing.  At the same time,  
it should be noted that the tangential texture obtained has a different degree of perfection through a pipe cross 
section.  This is indicated by the different intensity of maximum pole densities, which decrease from the inner 
area to the outer (from 36 to 9 units, see Fig. 4).  Besides, the position of the poles for the base of maximum in-
tensity in DPF differ somewhat.  For the inner surface there it is typical that that pope with high intensity is al-
most the same and very close to the  Z  axis (see Fig. 4c).  At 1/2 the wall thickness there are already two base 
planes, and they are located on both sides of the  Z  axis (see Fig. 4b), and at the outer surface of poles there are 
several, and they are located close to lines joining axes  Z  and  Y  (see Fig. 4a). 

The differences observed are connected with the different level of development of recrystallization process 
through the cross section of hot-extruded pipe, which as noted in the course of structural studies, after vacuum 
annealing proceeds more actively close to the outer surface and a to a lesser extent as the inner surface is ap-
proached.  As a result of this, due to appearance of new orientations, connected with formation of recrystallized 
α-phase grains, there is weakening of the surrounding texture, typical for a hot-worked condition, especially for 
the outer surface, to a lesser extent at half the wall thickness, and a minimum at the inner surface.  This clearly 
confirms the representation of the areas analyzed on the Z axis in diffraction contrast, provided in Fig. 4:  
the proportion of new recrystallized α-phase grains with an orientation differing from the main deformed condi-
tion (predominantly red in color (see Fig. 4)) decreases from the outer towards the inner surface. 

Vickers hardness values of the hot-extruded pipe studied are given in Table 1, and the average values are 
taken from results of no fewer than eight measurements in a section. 

Comparison of the data obtained shows that annealing of hot-extruded pipe in a vacuum facilitates an insig-
nificant reduction in hardness (on average by one unit) compared with a hot-extruded condition without anneal-
ing, which is most probably connected with compensation of weakening due to occurrence of recrystallization 
processes during annealing with some strengthening due to more compete β-solid solution decomposition with 
slow cooling from the annealing temperature. 

In a transverse section of annealed pipe the hardness has a tendency towards an increase by four units from 
the inner surface towards the outer surface, which may be connected with the inherited nature of a change  
in hardness of hot-extruded pipe (see Table 1).   It should also be noted that vacuum annealing after hot extrusion  
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(a) 

 

(b) 

 

(c) 

 
(d) 

Fig. 4. Direct pole figures of α-phase and images along Z(TN) axis in diffraction contrast recorded from the outer surface (a); 1/2 wall 
thickness (b); inner surface (c); stereographic triangle (d) for annealed pipe. 



STRUCTURE, PHASE COMPOSITION AND MECHANICAL PROPERTIES OF HOT-EXTRUDED TI–3AL–2.5V PIPE  757 

Table 1  
Test Alloy Ti–3Al–2.5V Hot-Extruded Pipe Hardness 

Hardness measurement location  
over pipe cross section 

Hardness, HV un. 

hot-extruded pipe annealed hot-extruded pipe 

At distance of 3 mm from inner surface 219 218 

1/2 cross section 220 220 

At distance of 3 mm from outer surface 225 222 

Average value 221 220 

Recorded hardness scatter over cross section  
(difference between maximum and  
minimum value in brackets) 

210–228 (18) 216–228 (12) 

provides a marked reduction in hardness value scatter throughout a whole pipe cross section, i.e., the difference 
between maximum and minimum values is reduced to a factor of 1.5. 

Results of mechanical property breaking tests showed that hot-extruded pipe after annealing has the follow-
ing set of properties:  σ0.2 = 590 MPa,  σf = 660 MPa,  δ = 18%.  The set of properties formed in an annealed 
pipe surpasses with respect to strength and ductility the level of properties laid down for pipe of this alloy in 
an annealed condition by international standards  (σ0.2 ≥ 480 MPa,  σf ≥ 620 MPa,  δ ≥ 15%  [12]).  Values of 
ultimate breaking strength and ductility properties obtained are comparable with those in a hot-extruded condi-
tion  (σ0.2 = 530 MPa,  σf = 665 MPa,  δ = 19%),  and the yield strength is higher by 60 MPa that is probably 
connected with grain structure refinement due to development of recrystallization processes. 

CONCLUSION 

Therefore vacuum annealing of Ti–3Al–2.5V hot-extruded pipe facilitates: 

 – development of α-phase recrystallization and formation of a more equilibrium  α + β-condition, facili-
tating a change in phase parameters, their volume fraction, and chemical composition compared with 
these pipe parameters after hot-extrusion; 

 – preferred inheritance of the textural condition of α-phase formed during hot extrusion, and in fact cir-
cumferential, rounded (tangential) texture {0001}  ТD < 10–10 > ED.  The intensity of this texture 
component decreases from the inner towards the outer pipe surface due to more active development of 
recrystallization processes at an outer pipe surface; 

 – a reduction in the scatter of hardness over the cross section of hot-extruded pipe and preparation of  
a set of mechanical properties combining good ductility with an average strength level. 

Research was carried out due to a grant of the Russian Scientific Fund (project No. 18-79-10107). 
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