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The thermoelectric power properties of the Ti-6Al-4V alloy hydrogenated with hydrogen (hydrogen content 0.002

wt.% and 0.23mass.%), subjected to mechanical rupture (up to 25 to 450MPa) and irradiation with a pulsed

electron flow with an energy of 18 keV to 25 J/cm2 and duration 15µs. The role of individual Al and V components

in relation to changes in the thermoelectric properties of the alloy is noted. Of interest is not only the stabilization

of phases, but also the transformation of the alloy under study into a layered medium due to hydrogenation and

fixation of hydrogen in traps. The change in the Seebeck coefficient S varies for different conditions in the range

(from 0.0011 to 0.0030mV/K. Due to its stability and strength properties, this kind of alloy can be suitable for use

in systems for monitoring the properties of implants and non-traditional energy.
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Introduction

Alloy Ti-6Al-4V is widely used as material for implants

in the system of additive technologies, in aerospace

industry and chemical industry, during manufacturing

of gas turbines, armaments, and domestic electronic

appliances [1,2]. Aluminium in alloy stabilizes

α-phase of titanium, and vanadium stabilizes β-phase.

Hydrogenation of titanium, as an element of hydrogen

technologies, depends on many factors, in particular

on the phase state. Hydrogen atoms easier diffuse

in the lattice β-Ti, then in lattice α-Ti. In interphase

state α + β the hydrogen atoms occupying tetrahedral

void of β-phase, will dominate in diffusion process.

For non-stoichiometric dihydride δ-TiH2−x with face-

centered cubic (FCC) sublattice Ti energies of hydrogen

diffusion activation lie in range 0.46−0.53 eV [1–3].
Thus, hydrogen diffusion constant for α- and β-phase

according to Arrhenius law for temperature, are equal

respectively Dα = 1.8 · 10−2 exp{−12380/(RT)} cm2/s,

Dβ = 1.95 · 10−3 exp{−6640/(RT)} cm2/s, where the

exponent is given in cal/mol. For H in α-phase of titanium

the diffusion constant at 313K is D = 2 · 10−10 cm2/s, in

β-phase of titanium at 303K D = 2 · 10−9 cm2/s [1–3].
The titanium saturation with hydrogen in its α-state is

impossible, at the same time in β-titanium there are

tetrahedral pores, which size is close to atomic radius of

hydrogen, therefore β-titanium well hydrotreated. These

states affect the thermoelectric properties of the studied

alloy. Interest is paid not to phases stabilization, but to

alloy transformation into lamellar medium for possible

use in modern systems of two-dimensional materials.

Layering refers to the concentration layers of hydrogen

in the alloy caused by the presence of hydrogen traps.

Introduction in various structures, for example, load

sensors, to monitor state of structural materials, results in

increased requirements for mechanical strength of sensors.

It is expected that key for many technologies is lamellar

medium, when two-dimensional materials are basis of

products. They can be used for painting objects of various

purposes, to manufacture sensors for monitoring cracks,

external defects, etc. [2,4,5]. Films made of them and

intended to absorb radio waves can power supply the

electronic appliances. Single-phase or composite materials

are of interest, when composition or microstructure change

uniforme;y or practically by jumps, which ensures change

of local properties of materials [2,4–6]. It is known that in

some cases hydrogenation results in lamellar medium [1,7].
Hydrogen in material has significant effect on the phase

composition and type of defects [8,9], As results in

formation of defects in materials and actively interacts with

available structure defects [8–10]. Wide use of discussed

materials arises the problem of dynamic strength increasing,

wear decreasing, corrosion strength increasing [8,9]. The

solution to this problem is the use of ion implantation of

the surface, irradiation with electrons and other charged

particles [11–13]. Efficiency of this methods depends, in

its turn, on multiple factors, such as formation of defects

in surface layer, of the additional stresses, formation of

unwanted impurities, phase composition change, and,

in our case, change in thermoelectric properties of the

material. In surface layer during irradiation the phase
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composition changes due to high temperature. The density

of defects increases, which in turn creates instability of

product properties caused by high temperatures. The

modified surface layer and introduced hydrogen can affect

the operation properties of product during deformation and

result in distortion of their thermoelectric properties.

This paper objective is study of thermoelectric properties

of hydrogenated alloy Ti-6Al-4V, subjected to mechanical

action and irradiation with electrons.

1. Samples and study methods

The experiments were performed in two=phase

(α + β) titanium alloy Ti-6Al-4V containing Al 5.9 and

V 3.9mass.%. The hydrogen in initial alloy Ti-6Al-4V

was in amount of about 0.002mass.%. For comparison

samples of technical titanium VT1-0 were manufactured

with different hydrogen concentrations. The hydrogen

concentration was measured by gas analyzer RHEN 602

with accuracy 0.0001%. The samples were prepared

from blanks using the electric spark method. Sample

surfaces were grounded and electrolytically polished. In

study samples of alloy Ti-6Al-4V were used in form of

plates 5× 1.5 × 1mm, electrolytic vanadium grade VEL-

1 (TU48-05-33-71), purity 99.9, technical aluminium

grade AD(123). Oxidized vanadium was obtained by heat-

ing in chamber in purified oxygen at temperature 900◦C.

Hydrogen lamination was achieved by hydrogenation at dif-

ferent concentrations in alloy. For samples irradiation pulse

accelerator of electrons SOLO of RAS SB (Russia, Tomsk)
was used [11]. The irradiation chamber comprises argon

at pressure 0.02 Pa. Density of energy of electrons flow

was selected in range about 5 and 12 J/cm2. These values

were selected experimentally such that surface melting will

occur (∼ 5 J/cm2) and with melting (∼ 12 J/cm2), when

high speed crystallization of sample surface is observed.

Irradiation pulse width was 50 µs, frequency – 0.3 s−1.

One irradiation act contains three pulses. At electron

energy 18 keV and current density up to 50A/cm2 the

irradiation power was 6 · 104 W/cm2. Part of samples before

irradiation was subjected to hydrogenation to concen-

tration 0.23± 0.01mass.%H. Samples were hydrogenated

at temperature 773K and hydrogen pressure 1 atm by

Sieverts method in unit Gas Reaction Controller (Advanced
Materials Corporation, (LECO, USA)). Samples before and

after irradiation were studied using transmission electron

(JEM-2100) and optical (AXIOVERT 200MAT) micro-

scopes. Tension tests were performed in modernized test

setup PV-3012M in vacuum at residual pressure 10−2 Pa

using flat dumbbell samples with measuring sections

5× 1.5× 1mm. Maximum breaking strength of samples

was 450MPa. To measure thermo-emf the modified

temperature stabilization unit PKKEM (Russia) with gold

electrode was used. To calibrate electrode we selected

thermo-emf Cu (1.8 µV/K), Pt (−5.3µV/K) relative to Ag

(thermo-emf 1.5µV/K) [7] with measurements accuracy

about 5% for all alloys.

Hydrogen content in alloy Ti-6Al-4V before irradiation

is ∼ 0.002mass.%. From Fig. 1, a it follows that the

alloy has polycrystalline structure. Grains of α-titanium

mixed with layers of β-titanium. Value of β-phase in alloy

reaches 6 vol.% and varies depending on hydrogen content.

Size of grains in α-phase is about 14 µm, and size of

layers varies in range 1.5−3.5µm. At that the average

grain size of α-phase of alloy Ti-6Al-4V during its hydro-

genation does not change until concentration 0.23mass.%.

The hydrogenation process results in increase in volume

fraction of β-phase and is (14 ± 2) vol.%. X-ray diffraction

analysis shows that lattice parameter of β-phase increases

from 0.3224 to 0.3300 nm, i.e. amount of α-phase in

layers of β-phase decreases. Accordingly vanadium content

in volume of β-phase decreases [13]. Hydrogenation is

accompanied by phase transformations and changes in

thermo-emf. The hydride composition corresponds to phase

with lower hydrogen content, i.e. phase transition takes

place. Detachment of already small amount of hydrogen

shall result in change in thermo-emf value, as during the

hydrogenation process of alloy Ti-6Al-4V transformations

are possible, which are characterized by presence of

(α + δ + β) regions [14]. At low hydrogen content in the

presence of vanadium at ratio hydrogen/metal 1.06 δ-phase

is not observed.

2. Theoretical analysis

Values of thermo-emf are theoretically justified in pa-

pers [15–17], where formulas were derived:

ES =
kB

e
ξkB(T0T )1/2

∂(ln g(EF))

∂E
, (1)

where g(EF) — density of states at Fermi level, ξ = 0.1 —
numerical coefficient. We also know the dependence E(T )
in form of law E ∝ T 1/2 [15]. For thermo-emf in hopping

region, which is typical for the lamellar medium, studied

in the present paper, the linear asymptotics E ∝ T can be

characteristic:

ES =
π2kB

3e
kBT

∂(ln σ (EF))

∂E
, (1)

where σ (EF) — conductivity at Fermi level.

Dependence of thermo-emf on T 1/2 and T was obtained

in paper [15]. This formula has no theoretical justification

in hopping conductivity region, natural for the lamellar

medium, with variable hop length of carrier [13,15]. It

is often emphasized that there is a deviation from the

formula (1), when in region of Mott law action the thermo-

emf does not depend on temperature ES(T ) ∼ const. Such

behavior can be result of special form of density of states in

the vicinity of Fermi level [13]. In our studies we observed

abruptly heterogeneous dependence of thermo-emf on T ,
at that in some cases with sign change. In region of

Technical Physics, 2024, Vol. 69, No. 5



V.V. Larionov, E.N. Stepanova Thermoelectric power properties of hydrogenated alloy... 709

20 mm

a

20 mm

b

Figure 1. Structure of alloy Ti-6Al-4V before irradiation (a) and after (b) irradiation with electron beam having energy 12 J/cm2 in mode

of surface melting [13].

Mott law action for the hopping conductivity with variable

hop length [16,17] characteristic for lamellar medium, the

conductivity varies as per law σh = σho exp[−(T0/T )1/4],
(T0 = 17.6/g(EF)a3kB , a — density of states and radius

of localization at Fermi level). We expect that thermo-

emf is described by Zvyagin formula (1). This statement

is confirmed by calculations. Seebeck coefficients were

calculated as per standard method by formula S = 1E/1t .
Range of changes for various conditions is, as we see

from Fig. 2−5, from 0.0011 to 0.0030mV/K.

3. Discussion of the experiment results

Main measurement results are shown in Fig. 2−5. As it

follows from Fig. 2, phases stabilization and hydrogenation

of alloy Ti-6Al-4V (curve 1) result in increase by more

than 2 times in values of thermo-emf at temperature

80−90◦C as compared to technical titanium (curve 3) and

aluminium (curve 4), and non-hydrogenated alloy Ti-6Al-
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Figure 2. Thermo-emf vs. temperature: 1 — Ti-6Al-4V

(CH = 0.23mass.%); 2 — Ti-6Al-4V (CH = 0); 3 — BT1-0

(CH = 0); 4 — technical aluminium Al AD1(123) (CH = 0).
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Figure 3. Thermo-emf of alloy Ti-6Al-4V vs. temperature, CH :

1 — 0, 2 — 0.085, 3 — 0.23, 4 — 0 (irradiation 5 J/cm2),
5 — 0.085mass.% (irradiation 25 J/cm2); 6 — titanium BT1-0

(CH = 0).

4V (curve 2). The same is applied to values of Seebeck

coefficient S = 1E/1t .
Exposure to electron beam results in minor increase in

thermo-emf within 10−14%, at that linear dependence (2)
is kept within error of experiment. This effect of the

hydrogenation can be explained by strengthening of β-phase

and by hydrogen diffusion. Redistribution of hydrogen in

the sample is possible under the influence of elastic stress

fields [18]. In stressed regions hydrogen is accumulated as

result of deformation localization [19]. This is confirmed by

hydrogen concentration increasing in non-irradiated sample

of alloy Ti-6Al-4V (from 0.23 to 0.28mass.%H) under load

conditions up to 450MPa. In place of destruction the

hydrogen concentration increases to 0.27mass.%, i.e. in

volume of hydrogenated alloys vacancies and hydrogen-

vacancy complexes appear [9,20]. This ensures effect of
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Figure 4. Thermo-emf vs. temperature: 1 — Ti-6Al-4V, 2 —
VT1-0, 3 — aluminium AD1-123, 4 — oxidized vanadium, 5 —
metal vanadium, 6 — Region of thermo-emf change E at temper-

ature t = 55−60◦C, 7 — same at temperature t = 60−65◦C.

2.7 2.8 2.9 3.0 3.1

E
E/

0

2.0

3.0

3.2 3.3

10 / , K3 T

1.0

3.5

4.0

1

2

3

4

5
0.5

1.5

2.5

Figure 5. Ratio of thermo-emf E/E0 vs. reverse temperature of

hydrogenated for various hydrogen concentration alloy Ti-6Al-4V

and elements being part of alloy composition: 1 — CH = 0; 2 —
0.085, 3 — 0.023mass.%; 4 — Al (AD); 5 — V (signal enlarged
by 10 times).

separate components of the alloy during hydrogenation on

behaviour of thermo-emf in the hydrogenated alloy Ti-6Al-

4V. To study this effect we mesured (Fig. 4) the value of

thermo-emf of individual metals comprising the alloy.

Fig. 4 shows obvious effect of vanadium on values

of thermo-emf. In region of temperatures 56−60◦C

and 60−65◦C we observe values increasing of Seebeck

coefficient S (shown by straight lines 6 and 7). In vanadium

samples the inversion of sign of thermo-emf is observed (in
same place, curves 4−5). It is known that in single-crystals

of vanadium dioxide at a temperature t = 67◦C (340K)
the phase transition dielectric−metal is observed. Above

this temperature the material has metal conductivity [21].

Paper [22] states the ability of material based on the vana-

dium to absorb oxygen:
”
electrons concentration increases

in allowed energy zone VO2“. This increasing occurs due

to hydrogen atoms ionization in metal phase. At tempera-

tures in range 55−60◦C, apparently, concentration of free

electrons increases in zone of conductivity (see dependence

of thermo-emf for metal and oxidized vanadium in Fig. 4).
Seebeck coefficient S in region of vanadium effect exceeds

the average value of thermo-emf of alloy by 5−6 times

(Fig. 4). This can be applied to study charge transfer and

control the process of hydrogen migration under lamellar

medium conditions. [23,24].

Fig. 5 shows ratio of values of thermo-emf E of hydro-

genated alloy Ti-6Al-4V to thermo-emf of non-hydrogenated

alloy E0. Here ratio E/E0 for VT1-0, vanadium and

aluminium are given for comparison. This value shows

change in density of states at Fermi level (1) during hy-

drogenation. The largest contribution to the difference is

made by aluminum, vanadium and VT1-0. At that change

in E/E0 during hydrogenation is observed, as, apparently,

effect of hydrogen securing in traps is provided [7,24].

Conclusions

The influence of these processes on the thermoelectric

properties of the alloy Ti-6Al-4V was studied by means

of tensile tests, hydrogenation and irradiation with pulsed

electron beam (up to surface melting). The values of

thermo-emf of individual alloy components and of the

alloy thermo-emf are determined. Samples deformation

changes hydrogen concentration at break place from 0.23

to 0.27mass.%, and thermo-emf changes by maximum 5%.

Presence of vanadium and aluminum does not change

sign of alloy thermo-emf to opposite sign, although their

conductivity, as individual elements of alloy, changes ac-

cording to sign of charge carriers. Seebeck coefficient in

region of temperatures 55−60◦C (vanadium effect) exceeds
the average value of thermo-emf of alloy by 5−6 times.

Layering, in some case occurred during hydrogenation,

and running of diffusion processes result in the metastable

structure transformation into equilibrium one. To determine

the technological parameters of alloy Ti-6Al-4V treatment

(temperature, deformation, hydrogenation) it is possible to

determine stability of its heterophase structures by changing

the value of thermo-emf. Results can be useful in systems

of properties analysis of implants.
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