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ABSTRACT. The paper presents the results of comparative studies of short- W

term creep in tensile tests of the VI'1-0 commercially pure titanium (analogue
Grade 2 according to ASTM A485) and the VT5-1 alloy (analogue Grade 6
according to ASTM B265) in air and argon. Tests by the Dorn’s method were
carried out in a gas-tight chamber under constant pressure. The specimens
were heated by passing alternating current. Empirical coefficients are
determined in power dependences of the creep rate and the conventional
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creep strength on test temperature in the range from 673 to 1323 K for argon
and air environment and nominal stress ranging between 4.45 and 9.36 MPa.
It is found that heating in argon environment, as compared to heating in air,
decreases the rate of short-term creep and increases creep strength at identical
nominal stresses in the entire range of test temperatures. Calculations
demonstrate that the energy of the activation of short-term creep does not
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depend on test conditions. This indicates that the deformation mechanism is
unchanged.
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INTRODUCTION

itanjum and its alloys are widely used for making structural components operating at elevated
temperatures and possessing good anti-corrosion and heat-resistance properties, with low specific
gravity; however, one of the factors limiting their use is the danger of the development of the creep
process. The phenomenon of metal creep as a whole is fairly well studied. General analytical dependences in the
form of exponential, power and logarithmic laws were established, which describe the relation between creep
strain rate (amount) at constant values of temperature and the value of applied stress [1-3]. A number of
mechanical theories were proposed for the conditions of complex changes in the stress state and temperature

[4-8].
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Creep micromechanisms are continuing to be studied with the application of currently available metal physics
methods [9-15], which are aimed at the specification of the general regularities in the effect of the previously
established composition, structure, temperature-rate and loading conditions [16-18].

In the operation of structures and mechanisms metal creep is an undesirable phenomenon, which may reduce
their service life, whereas in metal processing creep sometimes can be used to perform forming operations.
Thus, experience in forming parts of a complex geometry under conditions of short-term high-temperature
creep is reported in [19-22].

To design such processes, one is to know the behaviour of creep at temperatures higher than the conventional
working range (< 850 K for titanium alloys), i. e. at temperatures when the rate of creep provides better
manufacturability. Sometimes deformation under conditions of creep may be more competitive than that under
conditions of superplasticity, when it is difficult to have optimal strain-rate conditions throughout the bulk of
inhomogeneously deformed metal. Besides, the dislocation mechanism of deformation under creep does not
cause any active growth of internal porosity, which is typical of superplasticity due to the micromechanisms of
grain-boundary slip and metal grain recombination [23-27].

An important feature of titanium and its alloys is their ability to absorb gas actively as the heating temperature
rises, namely, hydrogen at temperatures exceeding 323-343 K, oxygen at 673-773 K and nitrogen at 873-973 K.
Therefore, in practice, protection from interaction with active gases contained in the air is required at
temperatures starting from 673 K. The largest number of studies deal with the creep of titanium alloys in the
above-mentioned active media, which, as a rule, decrease creep rate [27-31] due to the formation of interstitial
solid solutions with titanium and high-strength particles of oxides, hydrides and nitrides, which, when cooled,
may substantially change the physical-mechanical properties of alloys [34-38].

Note that the dependence of the rate of short-term creep of titanium in hydrogen has a temperature range
dependent on applied stress, where it increases abnormally [39] similarly to the well-known phenomenon of
hydrogen plasticization [40].

The information on the effect of neutral gas environments on the creep of titanium and its alloys in the
scientific and technical literature is scanty. Among the known studies, [41, 42] are worthy of notion, which
report that the creep life of the («+B) Ti-0Al-4V alloy in argon exceeds that in air due to the absence of
oxidation of the specimen surface. The increase of crack propagation velocity in cyclic tests in air as compared
to that in vacuum, which was found in [43], was also attributed to faster damage accumulation in an oxidising
medium.

The aim of this paper is to study the effect of argon on the regularities in the short-term high-temperature creep
of the VI'1-0 commercially pure titanium and the VT5-1 alloy, which are single-phase a-alloys, in comparison
with studying creep in the air environment.

EXPERIMENTAL

(analogue Grade 2 according to ASTM A485) and the VT5-1 alloy (analogue Grade 6 according to ASTM B265).

The chemical composition of the VT1-0 is 0.028% Al, 0.002% Si, 0.036% Fe, — 0.008% C, 0.115% Ox,
0.003% Ha, 0.012 Cr+Mn, 0.015% Cu+Nji, the rest Ti. The VT5-1 alloy is as follows: 5.563% Al, 0.145% Si, 0.3% Fe,
0.09% C, 0.18% O, 0.012% Hj, 0.28% Cr, 0.045% Ni, the rest Ti. The temperature of the polymorphic a—f
transformation in the VT1-0 titanium under heating, when the lattice type changes from densely packed hexagonal to
body-centred cubic, is 1160 K to 1170 K. Similatly to commercially pure titanium, the VT5-1 alloy is single-phase, the
polymorphic a—f transformation in it occurs at a higher temperature, 1250 K to 1300 K, and this being due to
aluminium content in the alloy.
The gauge part of the test specimens was 50 mm long and 5 mm in diameter. To be fixed in the grips of the test facility,
the specimens had 8-mm-diameter threaded bulges at the ends. Prior to testing all the specimens were annealed in a
vacuum furnace at a temperature of 900 K for 1 hour. The grain structure of the alloys (see Fig. 1) was examined by
electron backscatter diffraction (EBSD) on a VEGA II TESCAN raster electron microscope with an Oxford HKL

T est specimens were made from 12-mm-diameter hot-pressed bars of the VT1-0 commercially pure titanium
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Nordlys F+ EBSD analysis attachment. The average grain diameter of the VI1-0 and the VT5-1 alloy is 11.6 um and
2.8 um respectively.

100 pm
Figure 1: EBSD images of the microstructure of the VI'1-0 (a) and the VI'5-1 alloy (b).

The tests were performed on a specialised device (Fig. 2) enabling the elongation of the specimens to be continuously
fixed during heating under the action of tensile stresses in different gas environments [44].

To perform the tests, specimen (1) was set in a specimen hang-up device (2) and covered with a cap forming a gas-tight
chamber (3). The tensile force was produced by a set of lead weights (4). The specimen was heated by passing 50 Hz
alternating current through a power transformer with automated amperage control to 750 A. The heating temperature was
controlled by a chromel-alumel thermocouple (6) welded to each specimen in the middle of its gauge part. The testing
process was visually observed through quartz glass windows in the cap. The specimen elongation change was recorded by
a resistive sensor (5). The sensor and the thermocouple were connected to a computer (8) through a signal transducer (7).

The working chamber air was displaced by gaseous argon from a tank with an excessive pressure of 0.5 MPa, which was
then kept constant during the test.

Il

Figure 2: Scheme of the working chamber for testing (explanations in the text).
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J.E. Dorn’s method reported in [45] was used to determine creep rate, according to which the temperature was changed
stepwise during specimen heating, the tensile stress remaining unchanged. The temperature jump AT was 30 K and it was
attained by a fixed change of amperage. The period of stepwise temperature rise was followed by a hold period. The total
duration of each stage was 500s. When J.E. Dorn’s method is applied, it is commonly supposed that, since the
temperature jump is insignificant and the stress before and after temperature change remains unchanged, the change in
the elastic modulus and the substructure can be neglected. In terms of this supposition, the creep rate change depends
only on temperature variation. The specimens were tested at temperatures ranging from 673 K to 1323 K at nominal
tensile stresses o = 4.45, 6.91 and 9.36 MPa, which were below the yield stress of the alloys at maximum test temperatures
(12 MPa for the VT1-0 and 45 MPa for the VT5-1). Nominal stress was calculated as the ratio of tensile force to the initial
specimen area.

The experimental results were averaged from three tests conducted under identical conditions. Figure 3 shows the
variation in the readings of the elongation sensor (line 1) during VT5-1 specimen heating at 6 = 9.36 MPa as an example
of initial experimental data. Each experiment with a loaded specimen was duplicated by an experiment in which the
specimen was heated without suspended weights at the same time and temperature parameters (line 2). This enabled us to
exclude the contribution of the value of temperature-induced strain and instrumentation elements to the recorded
clongation. The difference in the measurements is attributed to specimen elongation under creep. The tests were
performed only at the stage of the uniform elongation of the gauge part of the specimen, without reaching the stage of
strain localisation and necking.

o = =
) Y o

Elongation/ mm

o
>

0 T T T T T
0 1000 2000 3000 4000 5000 6000
Time/ s
Figure 3: Diagrams of the VT’5-1 alloy specimen elongation heated in argon at o = 9.36 MPa (1) and 6 = 0 (2)

The scheme shown in Fig. 4 explains the procedure of experimental data processing at one of the heating steps. For the
instance mentioned, at the 4000th second of heating (point A) amperage was increased, and this caused stepwise specimen
heating from 1073 K to 1103 K (point B); thereafter, in the time interval At =4100-4500 s, a hold was made at a constant
temperature of 1103 K. A straight-line portion BC is highlighted on the diagram, on which creep-induced specific
clongation Ag; at the /~th stage of testing is calculated as

Ag. = AL/’H _ALZ‘
7 L

7

©)

where AL;+; and AL; are creep-induced specimen elongation at the end and beginning of holding at constant temperature
T} L is specimen gauge length at the beginning of each hold period.
The average creep rate on the hold portion is calculated as

v :i—z, [1/s] e
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where At is soaking time at constant temperature (s); Ae; is creep-induced specific elongation at the i-th step of
temperature variation.
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Figure 4: Procedure of experimental data processing

The steady-state creep activation energy AH; at the /th step of heating is calculated by the formula found in

[45],
Rln[ Vi j
Vz'+l
AH=——"17

AT

7

, [kJ/mol], ?3)

where R = 8.3144598 10° [k]/(mol-K)] is the universal gas constant.
The results of calculations by Eq. (3) is averaged for each material and environment tested. In order to

. . r . . .
determine conventional creep strength O, , the heating temperature T at which 1hour soaking was

accompanied by permanent elongation of 0.2% at specified nominal tensile stress o was recorded.

RESULTS

Figs. 5 and 6. To describe them analytically, we use the well-known exponential dependence found in

) I { he experimental results on the determination of creep rate at the steady-state stage are demonstrated in
[43]

v=Ac" exp[_%], [1/5] @

where A and 7 are empirical coefficients.
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Figure 5: The rate of steady-state creep as dependent on heating temperature at tensile stress 6 = 6.91 MPa (The dots on the graphs
denote averaged experimental data and the lines represent the results of approximation by approximating dependences).

The rate of steady-state creep as dependent on heating temperature at tensile stress. a,b - 6 = 4.45; ¢,d - 6.91: e,f - 9,36 MPa. a,c,e - in
the air environment. b,d,f - in the argon environment (The dots on the graphs denote averaged experimental data and the lines
represent the results of approximation by approximating dependences).

To determine the empirical coefficients .4 and 7, we use the data obtained from testing at nominal stresses
o = 4.45 and 9.36 MPa. For higher accuracy, they are determined by the linearized dependence

lnv=lnA+nln0'—A—H. 5)
RT

The values of the empirical coefficients, the averaged activation energy values and the temperature ranges in
which they were obtained are shown in Table 1.

The adequacy of the obtained approximation is estimated by comparing the results calculated by Eq. (4) using
the found values of 4 and #» with the data obtained from the experimental results at the nominal stress
0 =6.91 MPa. The calculations involve the use of the averaged activation energy values AH,, given in Table 1.
As a result, it has been discovered that the found approximation coefficients offer an accurate description of the
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experimental data with the approximation reliability coefficient R>> 0.96 in the studied temperature ranges.
Figure 5 shows the test temperature dependences of the creep rates of the materials, which have been obtained
from calculating by Eq. (4), and the data obtained from experimental data processing.

Environment ~ AH, kJ/mol 410+ n Temperature range, K
VT1.0 air 273 18.7 6.77 900 — 1100
i argon 302 13.5 2.83 1050 — 1350
VT5.1 air 260 8.06 4.17 950 — 1200
argon 307 9.48 3.09 1100 — 1350

Table 1: The values of activation energy and the empirical coefficients in Eq. (4)

The statistical processing of the experimental results on the determination of the conventional short-term creep

strength O, has revealed that the values of the heating temperature 1j,, at which the nominal stresses

cause permanent creep strain of 0.2% within a 1-hour hold are related to the values of O, ,, through the

polynomial dependence (the approximation reliability coefficient R*> 0.98)
Toop = ”1(75,2/1 60021+ 635 ©)

where ¢, ¢ and ¢ are the approximation coefficients given in Table 2.

Environment a o e Temperature range, K
VT1.0 air -1.25 -13.09 1054.6 800 — 1050
argon -0.96 -14.81 1194.5 950 — 1200
V5.1 air -0.835 -16.59 1120.4 850 — 1100
argon -0.54 -20.74 1244.2 1000 — 1200

Table 2: The values of the empirical coefficients in Eq. (6)

The coefficients ¢ and ¢ are physically meaningless, and the coefficient ¢; can be treated as the temperature at
which creep develops unaffected by external stresses. The experimental data on the determination conventional

short-term creep strength G, and the results of calculations by Eq. (6) are given in Fig. 6.

1300

1100 A

900 A

Temperature / K

700 T T T T T
0 2 4 6 8 10 12

Creep strength / MPa

Figure 6: Conventional short-term creep strength as dependent on heating temperature (1. Ti—5Al - in the argon environment; 2. Grade
2. - in the argon environment; 3. Ti—5Al - in the air environment; 4. Grade 2 - in the air environment).
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DiscussION

he obtained results demonstrate that the composition of the gas medium as the test environment
essentially affects the creep characteristics. When the specimens made of both alloys are heated in the

argon environment, the creep rate V significantly decreases and the conventional creep strength G,

increases as compared to similar heating in the air environment. With a qualitative similarity of the mentioned
behaviour, in the VT5-1 alloy creep is noted at higher temperatures than in the VT1-0 commercially pure
titanium and has a lower rate, this being due to the presence of a solid aluminium solution in titanium.

The identification of the creep mechanism in the VI1-0 commercially pure titanium under conditions of the

tests is made by the deformation mechanism maps found in [18]. To do this, the values of the complex o /p (

O ZG/ \/5 is shear stress, u is the shear modulus) and the values of homologous temperature T/T),

corresponding to the conditions of the experiments (T,= 1957 K is melting temperature) are calculated. The
value of u at the test temperature is determined by the formula from [18]

(T =300)
T—} , (7

H=Hy {1 +kAy
where po=4.36:10'MN/m” is the shear modulus at T=300K, 4r=-1.2 is the temperature dependence
coefficient of the modulus p [46].

Thus, with the application of a deformation mechanism map for commercially pure titanium, we have
established that, according to the classification proposed by H.J. Frost and M.F. Ashby in [18], the conditions of
the tests correspond to the high-temperature creep region controlled by the bulk diffusion of dislocation climb,
where the power dependence of strain rate on applied stress is true. Also note that the found values of the
Dorn constant .4 and activation energy AH (see Table 1) are close to the results reported in [17,18], which were
obtained on specimens made of purer titanium (99.98 %), with .4 = 7.7-10* and AH = 242 k] /mol.

The calculated values of activation energy AH range between 260 kJ /mol and 307 kJ/mol for the both materials
in air and argon, i.e. they are much higher than the values of AH from [18] for the mechanisms of bulk
diffusion (AH = 150 kJ/mol) and diffusion on grain boundaties and dislocation tubes (AH = 97 kJ/mol). That
is, testing in argon does not change the deformation mechanism from testing in the air environment, although
the creep rate decreases significantly. The latter can be explained from the general ideas of the governing effect
of the surface condition on the processes of deformation of metal materials. In the case under study the creep
rate decrease in argon may be due to the absence of oxidation on the specimen surface, which, according to [7,
43], intensifies the evolution of creep in titanium alloys.

The established facts of lower creep rate and higher conventional creep strength for short-term high-
temperature creep in argon may be of a certain practical interest. It is not uncommon when, in the operation of
various devices and structures, emergencies may occur which are caused by a rapid temperature rise in processes
or by a thermal action in a fire. There appears a probability of a local or total loss of structural strength upon
the attainment of conditions for the occurrence of short-term creep causing the deformation of structural
components or even their complete failure. The use of a protective inert medium can decrease the risks of
disastrous consequences of emergency situations of the kind.

CONCLUSIONS

rom the results of comparative experimental research on short-term high-temperature creep of the VI'1-
0 commercially pure titanium and the VT5-1alloy in air and in argon, we have found that
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e heating in argon, if compared with heating in air, decreases creep rate and increases conventional creep strength,
nominal stresses being the same in the whole test temperature range;

e the short-term creep activation energy for the materials studied in air and argon, determined by the Dorn method,
has close values of 250 to 300 kJ/mol at temperatures ranging from 900 K to 1350 K.

e Besides, we have determined:

e cmpirical coefficients in the dependence relating creep rate to temperature, nominal stress and creep activation
energy;

e cmpirical coefficients in the test temperature dependence of conventional creep strength.
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