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FEATURES OF HIGH-STRENGTH PSEUDO β-TITANIUM ALLOY VT47 

DURING STRENGTHENING BY HEAT TREATMENT

N. A. Nochovnaya, A. A. Shiryaev, 
and E. A. Davydova UDC 669.295

Actual information is provided about formation of structural defects typical for highly-alloyed titanium 

alloys, i.e., α-phase precipitate-free zones. The effect of these defects on the mechanical properties of pseudo 

β-titanium alloys is considered. The structure is studied for a new pseudo β-titanium alloy VT47 and a 

correlation is established for mechanical properties and presence of these zones within the structure. x-Ray 

microanalysis is used for an analytical study of the local chemical composition of alloy VT47 that makes 

it possible to establish that formation of precipitate-free zones the main and most important features is not 

connected with the different chemical composition in in the test ranges of alloying element concentration 

for the zones themselves and areas adjacent to them.
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 The main and most important feature of pseudo β-titanium alloys is good ductility making it possible to manufacture 

thin section semiproduct from them (sheet, strip, foil bar, wire) in a cold condition with a signifi cant degree of deformation. 

This conveniently separates them among many high-strength alloys of the (α + β)-class [1–3]. This feature provides the pos-

sibility of obtaining on cooling from a temperature above the polymorphic transformation temperature (Tpt) structure consist-

ing entirely of β-phase. The possibility of performing a complete heat treatment strengthening cycle for semiproduct in a 

vacuum or argon-vacuum furnaces provides preparation of alloys with high strength and retained ductility and impact strength 

at the required level, and also good operating properties and prolonged operating capacity.

 A set of properties for pseudo β-alloys making it possible to use them for objects of the aerospace branch, and good 

corrosion resistance in sea water provides their successful industrial use in the oil recovery industry as a material for preparing 

high-pressure pipeline systems, borehole pipes, and subsidiary equipment [4].

 Research was conducted on cold-rolled sheet 1.2 and 2.3 mm thick of a new high-strength high-tech pseudo β-titani-

um alloy grade VT47 of the Ti–Al–Mo–V–Cr–Fe alloy system microalloyed with REM (yttrium) [2, 5–8]. In order to prepare 

sheets, a test ingot was produced weighing 1.5 tons manufactured under VSMPO-AVISMA Corporation industrial production 

conditions.

 In summarized form, the production scheme for preparing sheet consists of the following operations:

 1) several all-round forgings of an ingot into slab with a gradual reduction in deformation temperature;

 2) slab hot rolling with high degrees f deformation in order to prepare semiproduct 16 mm thick;

 3) hot rolling for subsequent reduction in sheet thickness from 16 to 3 mm;

 4) sheet heat treatment with the aim of fi xing metastable β-phase;

 5) sheet surface treatment;

 6) cold rolling into the fi nal thickness; and

 7) sheet smoothing and fi nal grinding.
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 Sheets 1.2 mm thick were prepared by an additional hot rolling operation before fi nal cold rolling.

 Workpiece heat treatment was performed according to PI 1.2A.550-2000 in a laboratory vacuum furnace for heat 

treatment (HT) of titanium alloys with a degree of vacuum not less than 1·10–4 mmHg. Charge cooling was carried out in a 

vacuum.

 Mechanical properties were determined according to GOST 11701 in a Zwick/Roell Z100 test machine in transverse 

specimens with respect to the rolling direction.

 Microsections for metallographic study were prepared by a standard procedure followed by etching in an aqueous 

solution of fl uoric and nitric acids (5 ml HF, 15 ml HNO3, and 80 ml H2O).

 Metallographic study of specimens was conducted according to PI 1.2.785–2009 in a Olympus GX51 inverted mi-

croscope using a digital image receiver. A study of the fi ne structure and determination of the local chemical composition was 

carried out according to GOST 22309–2015 in a Zeiss EVO MA 10 (Carl Zeiss, Great Britain) scanning electron microscope 

fi tted with an X-Max (Oxford Instruments, Great Britain) energy-dispersion spectrometer using calibration for a certifi ed 

standard. The range of recorded elements for qualitative analysis, i.e., from Be (atomic number Z = 4) to U (Z = 90), and 

for quantitative analysis, from Na (Z = 11) to U (Z = 92). The locality of the analysis was 1 μm2, and the depth was 1 μm. 

Microhardness was determined in a Qness Q10A microhardness meter according to GOST 9450 by impression of a four-sided 

diamond tip of pyramidal shape with a load of 50 gf.

 Experimental results and discussion. Questions of formation and overcoming defects and inhomogeneity of various 

types is one of the most importnat areas for all titanium alloys, at least in the stages of test development of technology for 

preparing semiproducts and the initial stages of approval on an industrial scale. The most widespread defects concern those 

formed during ingot vacuum-arc remelting (inclusions of gas-saturated lumps of titanium sponge, fragments of hard alloy 

plates inclusions of molybdenum and other refractory alloying elements, “soft” inclusions with a high titanium content), and 

with subsequent thermomechanical treatment (traces of intense metal fl ow, a coarsely overheated or different grain structure, 

and cracks and pores of deformation origin).

 It is noted that in industrial production from the middle of the last century as technology improved for producing 

titanium sponge, master alloy, and melted ingots the relative proportion of defects in the form of different types of inclusions 

gradually decreased. Therefore, towards the start of the 1970s one of the main forms of defects was local chemical inhomo-

geneity, which cannot be recorded by ultrasonic or x-ray monitoring, and is in the form of structural inhomogeneities. These 

inhomogeneities on a background of the coarse structure of wrought semiproducts are poorly noted, and on a background of 

a fi ne-grained macrostructure of material stampings wrought in the α + β-region they are observed in the form of light or dark 

spots [9].

 It is assumed that presence of local chemical inhomogeneity, formed during ingot melting, is mainly connected with 

deviations in the subsequent deformation process and recrystallization within semiproducts as a result of which there is for-

mation of a nonuniform macro- and microstructure with a clearly defi ned local difference in grain size, banding, stagnant 

Fig. 1. Microstructure of sheets 1.2 mm thick after heat treatment by different regimes: а) HT1 (535°С, 8 h); 

b) HT1ʹ (510°С, 8 h); c) HT3 (490°С, 8 h).
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zones, and other defects. During subsequent HT, chemical inhomogeneity is directly or indirectly (due to nonuniform defor-

mation) may have an effect on formation of local zones with a different structure and secondary precipitate morphology.

 According to a number of researches [10], formation of zones free from precipitates in heterogeneous (α + β)-alloys 

may also be caused by diffusion of α-stabilizers (Al and O) within particles of grain boundary or adjacent α-phase. In this 

case, boundary volumes of matrix β-phase appear to be impoverished in these elements, which as a result leads to formation 

of boundary zones with a lower proportion of strengthening precipitates and correspondingly lower hardness. However, zones 

whose formation is due to occurrence of diffusion processes as a rule have small dimensions in view of the limited rate of 

alloying element diffusion, which is connected with the actual HT temperature and time parameters used in industry.

 As mentioned previously, for highly alloyed materials based on β-phase there is typically formation of defects of 

certain type. During ingot melting, the defects encountered most often are the so-called “β-fl akes,” i.e., often with an in-

creased β-stabilizer content and a reduced aluminum content compared with basic metal [11]. These defects are clearly seen 

in the microstructure of semiproducts deformed in the upper temperature range of the (α + β)-region. They have signifi cantly 

increased dimensions of primary β-grains. According to metallographic studies of the microstructure of β-fl akes in alloy Ti–

10V–2Fe–3Al, it is noted that for them there is also a typically marked reduction in the amount of primary α-phase. As a rule, 

defects of a similar type have size in the millimeter range and larger. In a number of cases string liquation of β-stabilizers with 

high diffusion mobility (for example, Fe) is observed.

 All of this also relates to pseudo β-titanium alloy with a high degree of alloying, having its own production features.

 For alloys based on β-phase, structural defects are typical in the form of zones free from secondary α-phase pre-

cipitates (PFZ). These zones may only be revealed after carrying out strengthening HT and are characterized by complete or 

almost complete of α-phase precipitates within them. The possibility of forming these defects is revealed for many highly 

alloyed industrial titanium materials: Ti–15–3 (Ti–15V–3Cr–3Sn–3Al), Beta C (Ti–3Al–8V–6Cr–4Mo–4Zr), DAT51 (Ti–

22V–4Al), and those similar to them [12–14].

 During treatment by HT strengthening regimes (SHT) for alloy VT47, it is detected that selection of production pa-

rameters within a certain range may lead to formation of structural inhomogeneity (Fig. 1).

 Analysis of the microstructure of alloy VT47 sheets showed that for structures of many SHT regimes with ageing 

lasting not more than 6–8 h there is typically presence of zones free from precipitates or zones impoverished in secondary 

α-phase precipitates. An increase in ageing time to 16 h facilitates more complete occurrence of precipitation from a β-matrix 

solid solution of secondary α-phase precipitates throughout the whole volume of material. In this case zones free from or 

impoverished in α-phase precipitates are absent or their amount and volume occupied are signifi cantly reduced.

 Comparison of the microstructure of specimens aged at different temperatures show that the morphology and inter-

nal structure of PFZ with high- and low-temperature ageing differ (Fig. 2).

 During high-temperature ageing, precipitation of secondary α-phase particles occurs predominantly by a heteroge-

neous mechanism and commences at grain sub-boundaries and predominantly within crystal lattice defects [15]. As a result of 

Fig. 2. PFZ structure in alloy VT47 sheets after ageing at different temperatures: а) HT1 (535°С, 8 h); 

b) HT3 (490°С, 8 h).
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this, a considerable part of the PFZ is in the central of β-phase grains, and they are almost free from precipitates (see Fig. 2a). 

Their center consists almost entirely of lamellar β-solid solution. These zones may be conditionally called primary type PFZ. 

A study of the microstructure of these zones in alloy VT47 showed that PFZ of the fi rst type and the surrounding regions with 

normal precipitate density differ considerably with respect to hardness: the average value of HV0.05 is 285 and 343, respective-

ly1 (Fig. 3). Therefore, with respect to microhardness PFZ of the fi rst type correspond more to properties of quenched β-solid 

solution, not having signs of commencement of α-phase precipitation. Apparently, the presence of these soft zones may to a 

certain extent reduce material strength and in this case not lead to a considerable reduction in ductility characteristics (Table 1).

 A reduction in ageing temperature leads to a change in original β-solid solution decomposition mechanism: precipi-

tation of secondary α-phase particles proceeds predominantly by mixed (homogeneous and heterogeneous) generation of new 

particles not only at grain boundaries, but also on intragranular quenching vacancies, local micro-fl uctuations of chemical 

composition, etc. Therefore, PFZ morphology, formed during ageing, differs considerably. The proportion of zones of the fi rst 

type (almost entirely free from precipitation) within the alloy structure with low-temperature ageing is relatively small. Zones 

impoverished in secondary precipitates may be called conditionally PFZ of a second type. In this case, within the structure 

parts of grains or whole grains are observed within which there are secondary α-phase precipitates, but their volume fraction 

is comparatively small, and its distribution within micro-volumes is quite nonuniform compared with neighboring “normal” 

grains (see Fig. 2b).

 According to data given in Table 1 and features common for titanium alloys of the change in mechanical properties in 

relation to structure, it may be concluded that the fi ner morphology of secondary α-phase precipitates (regimes HT3 and HT4) 

provided a higher level of strength and a corresponding reduction in relative elongation. Presence within the structure of PFZ 

Fig. 3. Microhardness of different zones of alloy VT47 specimen heat treated by regime HT1 (535ºC, 8 h).

TABLE 1. Average Mechanical Property Values for Sheets of Pseudo β-Titanium Alloy VT47

HT regime
Mechanical properties in tension at 20ºC

σu, MPa σ0.2, MPa δ5, %

HT1 (quenching from β-region and ageing at 535ºC for 8 h) 1270 1190 9.0

HT2 (quenching from β-region and ageing at 535ºC for 16 h) 1260 1180 9.6

HT3 (quenching from β-region and ageing at 490ºC for 8 h) 1390 1300 6.5

HT4 (quenching from β-region and ageing at 490ºC for 16 h) 1430 1340 8.0

1 Microhardness studies were conducted with participation of P. V. Panin.
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(regimes HT1 and HT3) leads to a reduction in alloy ductility with a similar or lower strength level. In this case, a reduction 

in ductility in absolute and relative expressions develops to the greatest extent with nonisothermal ageing, for which there is 

typically formation of PFZ of the second type. Revelation of the tendency may be explained by several probable reasons:

 1) greater overall volume of the proportion of PFZ (predominantly due to second type PFZ) compared with high-tem-

perature ageing;

 2) greater alloy sensitivity towards structural defects and inhomogeneity in a high-strength condition; and

 3) different PFZ morphology of the fi rst and second types, i.e., zones of the fi rst type consist entirely of β-solid solu-

tion with low hardness values and consequently they are more ductile.

TABLE 2. Statistical Characteristics of Local Chemical Analysis Results for Alloy VT47 Specimens

Statistical characteristic, wt.%
Alloying element, wt.%

Aluminum and molybdenum 
equivalents [16]

Al Mo V Cr Fe Zr Sn Aleq Moeq Moiso Moeut

Region with PFZ

Average 2.55 1.83 9.74 3.54 1.15 0.88 1.20 3.10 17.0 8.78 8.20

Minimum 2.43 1.59 9.35 3.32 1.03 0.74 1.01 2.98 16.8 8.32 7.89

Maximum 2.65 1.98 10.1 3.77 1.28 1.02 1.35 3.23 17.8 9.13 8.71

Standard deviation 0.07 0.12 0.20 0.13 0.07 0.10 0.09 0.08 0.30 0.21 0.25

Region with normal precipitate density

Average 2.54 1.82 9.83 3.63 1.19 0.86 1.21 3.09 17.3 8.84 8.43

Minimum 2.40 1.62 9.40 3.35 1.03 0.64 0.97 2.95 16.8 8.55 7.88

Maximum 2.83 2.10 10.3 3.85 1.32 1.04 1.39 3.39 17.7 9.15 8.92

Standard deviation 0.10 0.11 0.20 0.13 0.08 0.10 0.10 0.11 0.25 0.14 0.30

Fig. 4. Microstructure of specimen with PFZ obtained in electron microscope in a back refl ection 

regime after HT1 (ageing at 535ºC, 8 h).
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 In view of the fact that presence of PFZ within the alloy structure has an unfavorable effect on the level of its ductility 

properties and long term working capacity characteristics [1], research in order to clarify the reasons for formation of these 

zone and to look for measures preventing their formation are important and demanded in contemporary materials science.

 With the aim of determining the effect of grain chemical composition or local chemical inhomogeneity on the ten-

dency towards formation within the alloy structure of PFZ, specimens of alloy VT47 were studied by x-ray microanalysis 

(XMRA).

TABLE 3. Correlation Analysis Results for Local Chemical Composition of Alloy VT47 Specimens

Alloying element (group of elements) Correlation coeffi cient (p < 0.05)* Estimate of parameter degree of correlation

Al 0.05 Absent

Mo 0.04 Absent

V –0.22 Almost absent

Cr –0.33 Weak

Fe –0.22 Almost absent

Zr 0.07 Absent

Sn –0.04 Absent

Aleq 0.04 Absent

Moeq.tot –0.46 Weak

Moiso –0.17 Almost absent

Moeut –0.36 Weak

* p is statistical signifi cance level.

Fig. 5. Typical diagram for starting data scatter and graphical representation of correlation 

relationship for chemical composition and presence of PFZ (probability range – 0.95).
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 Within the structure of a sheet specimen of alloy VT47 aged at high temperature for 8 h (regime HT1), there was a 

considerable amount residual coarse PFZ of the fi rst type, which makes it possible to provided average chemical analysis of 

different zones for quite a large area with a substantial selection (Fig. 4). As a result of this, for comparative analysis of the 

chemical composition of PFZ and areas with normal density of precipitates, 64 rectangular sections with a side length of about 

5–30 μm were analyzed (see Fig. 4). Statistical results of some selections are given in Table 2. The results of correlation anal-

ysis are provided in Fig. 5 and in Table 3.

 It is seen from the data provided that the average values and standard deviations for almost all alloying elements, 

aluminum and molybdenum equivalents for PFZ, are close to similar values obtained for zones with normal secondary 

α-phase precipitates. Histograms correspond to the shape of a normal distribution of quite a uniform mass of data, and it 

should be noted that no double peaks are observe d within them. The form of the scatter diagrams for the majority of elements 

does not detect marked signs of the presence of expressed correlation (see Fig. 5).

 For the purposes of predicting properties or any other characteristics, it is normal to use correlation relationships with 

a correlation coeffi cient r not less than 0.7. Correlation analysis of the data obtained showed that presence within the micro-

structure of PFZ is not found, or a very weak dependence is found (r ≤ 0.5) on content of alloying elements within a given 

region. Obtaining statistical values weak correlation connections is possible for selections of a signifi cantly greater volume.

 From results of studies by the XMRA method, in the given stage of research it may be concluded that PFZ forma-

tion within the alloy structure is not connected with the different chemical composition of the zones themselves and regions 

adjacent to them within the test ranges of alloying element concentration. In other words, interdendrite liquation (deviation 

for the average chemical composition of neighboring grains) in the test concentration ranges does not affect the tendency of 

alloy towards PFZ formation.

 According to the results obtained, the main role in PFZ formation is most probably played by the following:

 1) the secondary α-phase precipitation mechanism under conditions of retarded diffusion mobility of alloying ele-

ment atoms;

 2) the small number of α-phase particle generation centers; and

 3) the quite slow α-phase generation and growth kinetics.

 All of the above-mentioned is due to the high β-stabilization coeffi cient for metastable solid solution in pseudo β-ti-

tanium alloys.

 Generation of secondary α-phase particles in pseudo β-titanium alloys with relatively high ageing temperatures oc-

curs by a heterogeneous mechanism predominantly at grain boundaries. Taking account of the relatively slow rate of α-phase 

particle growth in the middle of original β-grains zones form free from precipitates [1]. The boundaries of grains and sub-

grains in this case are the most preferred areas for generation of secondary phase particles, especially under conditions of 

reduced concentration of a different type of crystal lattice defects within primary β-grains, in particular quenching vacancies. 

A slow cooling rate, realized during HT in vacuum furnaces, may provide relaxation of a signifi cant part of stresses and reduce 

the number of quenching vacancies. The absence of suffi cient number of generation centers within the volume of some grains 

may also be facilitated by an inadequate degree of metastable β-solid solution supercooling, realized at ageing temperatures.

 Therefore, for pseudo β-titanium alloys the tendency during ageing towards forming structural defects in the form of 

PFZ depends to a considerable extent on production parameters of the preceding stages of their treatment, which gives rise to 

an increase in requirements for developing and optimizing their heat treatment regimes [10, 12].

 Conclusion. A study of zones free from α-phase precipitates, conducted on specimens of pseudo β-titanium alloy 

VT47 after ageing by different regimes has made it possible to establish the following:

 1) formation of PFZ (fi rst type) within the alloy structure is not connected with the different chemical composition 

test ranges of alloying element concentration of the zones themselves and areas adjacent to them;

 2) the microhardness of zones free from α-phase precipitates (fi rst type PFZ) is considerably lower than similar 

values for regions with a normal precipitate density; and

 3) in the formation of PFZ, the main role in this case is probably played by a secondary α-phase precipitation mech-

anism under conditions of retarded diffusion mobility of alloying element atoms, the low number of centers for α-phase 
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particle generation, and the quite slow process of α-phase generation and growth, caused by a high β-stabilization coeffi cient 

for metastable solid solution in highly alloyed titanium material.

 This work was performed within the scope of implementing comprehensive scientifi c area 9.2, Materials Based on 

Titanium with a Controlled β Structure (Strategic Areas of Development of Materials and Technology and Their Treatment in 

the Period up to 2030”) [17].
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