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Abstract – Comparison studies of the structural 
and phase states evolution of a nanostructured  
Ti–6Al–4V–H alloy (grain size is less than 0,1 μm) 
during vacuum annealing and electron beam expo-
sure at 293–873 K were carried out. Electron beam 
exposure as well as vacuum annealing is found to 
lead to α → β phase transformation and grain 
growth up to submicron dimensions (grain size is 
less than 1 μm). Grain growth beginning tempera-
ture of nanostructured Ti–6Al–4V–Н alloy during 
the electron beam exposure is lower and grain 
growth rate is higher in comparison with relevant 
values for vacuum annealing. It was shown, that a 
reason of such changing of rate and grain growth 
beginning temperature is in decreasing of activa-
tion energy of alloy collective recrystallization, con-
trolled by titanium grain boundary self-diffusion, 
in the case of electron beam exposure. It was 
found, that formation of nanostructured state al-
lows to decrease an active hydrogen release tem-
perature in Ti–6Al–4V–Н alloy during electron 
beam exposure by 200–350 K in comparison with 
coarse-grained state. 

1. Introduction 

Perspective method of nanostructured state formation 
in titanium alloys is a combined method built upon 
prehydrogenation and hot plastic deformation (hot 
pressing). However hydrogen degassing of nanostruc-
tured alloy by means of standard method (annealing at 
a dynamical vacuum at a temperatures of 873–973 K) 
often results in changing of phase composition and 
grain size. In turn it exerts influence on its physical 
and mechanical properties. It is known [1] that hydro-
gen release temperature reduction from titanium alloys 
may be realized by means of ionizing radiation. On 
the basis of the above reasoning, conduction of com-
parative research of nanostructured state evolution 
regularities during hydrogen degassing by means of 
vacuum annealing and electron beam irradiation have 
the great interest. 

2. Materials and a research technique 

Nanostructured state in Ti–6Al–4V alloy with an av-
erage grain size ∼ 0.1 μm was formed by combined 
method built upon prehydrogenation and hot plastic 
deformation [1]. Dehydrogenation was accomplished 
by two ways: the specimens annealing in vacuum at 

10–3 Pa at a temperature of 873 K for 30 and 60 min 
and specimens irradiation by electron beams per-
formed in vacuum at 10–4 Pa at a temperatures of 523, 
573 и 623 K for 60 min. The electron-beam energy 
was (35 ÷ 40) keV and the current density was 
(10 ÷ 30) μmA/cm2. Comparison studies of hydrogen 
release efficiency during electron irradiation from 
coarse-grained and nanostructured Ti–6Al–4V–(0.2–
0.3)Н alloys were carried out. Structural and phase 
state examinations were performed by use of an EM-
125K transmission electron microscope and a Shima-
dzu XRD6000 diffractometer. 

3. Experimental results and discussion 

Electron micrograph of the structure of nanostructured 
Ti–6Al–4V–(0.2÷0.33)Н alloy is represented in Fig. 1. 
Most of structure elements have dimension is less than 
0.1 μm and the average grain size is equal to 
0.085 μm. The electron diffraction patterns of the 
structure obtained for an area of 1.2 μm2 (Fig. 1, a) 
show an appreciable number of reflections evenly 
distributed over a circle. And at the same time almost 
all reflections exhibit azimuthal smearing. Such elec-
tron diffraction patterns are characteristic for nonequi-
librium nanostructured materials, having a large-angle 
misorientations of the structure elements and elastic 
stresses acting in individual grains. X-ray diffraction 
analysis shows that the volume fraction of the β phase 
in the alloy under study was ∼ 1% (Fig. 1, c). 

Vacuum annealing at temperature of 873 K for 30 
and 60 min leads to formation sufficiently uniform 
grain-subgrain structure in the alloy. Most of structure 
elements, obtained as a result of vacuum annealing for 
30 min, have dimensions are less than 0.15 μm and 
average size of structure elements, determined by dark 
field image amounts 0.12 μm. However, residual hy-
drogen concentration measurement in the alloy shows 
that similar annealing regime provides only particulate 
degassing of alloy: hydrogen content decreases from 
0.33 down to 0.08 w.%. 

Increasing the time of vacuum annealing of the 
alloy up to 60 min results in decreasing hydrogen con-
centration in the alloy down to ∼0.005 w.%. That is 
specified for technical standards for the Ti–6Al–4V 
alloy. The electron diffraction patterns of the structure 
of Ti–6Al–4V–0,005Н alloy show an appreciable 
number of reflections evenly distributed over a circle 
with practically absolute absence of azimuthal smea- 
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Fig. 1. Electron micrograph of the structure (a, b) and por-
tion of diffraction patterns (с) of nanostructured  
Ti–6Al–4V–(0.2÷0.33)Н alloy: a – bright field image; b – 
  dark field image 

ring (Fig. 2, a). This is indicative of internal elastic 
stresses reduction. The grain boundaries of the submi-
crocrystalline structure are generally of the equilib-
rium type, as evidenced by the fringe contrast at the 
grain boundaries inherent in the equilibrium state of 
grain boundaries (Fig. 2). Most of grain-subgrain 
structure elements have dimensions (0.15 ÷ 0.25) μm 
and average size of structure elements found from 
dark-field images is 0.27 μm. 

Hydrogen release intensity dependences  
of electron beam irradiation time from  
Ti–6Al–4V–(0.2÷0.3)Н specimens at coarse-grained 
and nanostructured states represent in Fig. 3. 

Above mentioned curve of nanostructured speci-
men have a maximum observed at the first ten minutes 
of irradiation at the temperature a little higher than 
room one (∼ 282 K). Subsequently abrupt decrease of 
hydrogen release intensity (ten times lower than 
maximal) is observed and for the next 80 min of irra-
diation it does not change. For the total time of men-
tioned irradiation regime (90 min) hydrogen content in 
the nanostructured alloy decreases from 0.24 down to 
0.13 w.%. 

 
 

 
Fig. 2. Electron micrograph of the structure of a  
Ti–6Al–4V–0.33H alloy after vacuum annealing at a tem-
perature of 873 K for 60 min (Ti–6Al–4V–0.005H alloy):  
  a – bright field image; b – dark field image 

 
Fig. 3. Hydrogen release intensities of nanostructured (1) 
and coarse-grained (2) samples of a Ti–6Al–4V–0.24Н alloy 
during electron irradiation. Electron-beam current density 
J = 10 μmA/cm2, energy Е = 35 keV (3 – heating samples 
  temperature by electron beam during irradiation) 

Hydrogen release from the coarse-grained alloy 
during irradiation begins at a sample temperature 
~ 573 K. Maximum of curve of hydrogen release in-
tensity time dependence is observed after 80 minutes 
of irradiation at a temperature of 623 K. Hydrogen 
concentration in the coarse-grained Ti–6Al–4V–0,24Н 
alloy for the total time of irradiation (90 minutes) de-
creases down to 0.18 w.%. 

Electron microscope examinations show that expo-
sure of Ti–6Al–4V specimens to electron beam with 
the energy of 40 keV for 60 min allows to obtain in 
the alloy well-marked grain structure. In addition to 
that electron beam characteristics changing (increasing 
electron beam current density from 10 up to 
30 μmA/cm2 and specimen’s temperature from 523 up 
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to 623 K) leads to formation in a Ti–6Al–4V–0.24Н 
alloy submicrocrystalline  structure with an average 
grain size, changing with the irradiation regime from 
0.17 up to 0.6 μm. Typical electron microscope image 
of structure after electron beam irradiation (electron 
beam current density 20 μmA/cm2, temperature 
623 K) represents in Fig. 4. In this case structure with 
the largest mean (0.6 μm) and maximal (1.5 μm) grain 
sizes in comparison with another regimes of irradia-
tion is formed in the alloy. Such heterogeneous struc-
ture, as a rule, is observed at submicrocrystalline me-
tallic materials obtained by severe plastic deformation 
methods under collective recrystallization in the time 
of isothermal annealing. 

 

 
 

 
Fig. 4. Electron micrograph of the structure of a  
Ti–6Al–4V–0.24Н alloy after electron irradiation at tem-
perature of 653 K for 60 min (Ti–6Al–4V–0.1Н alloy): a – 
  bright field image; b – dark field image 

X-ray diffraction analysis revealed that α → β 
transformation takes place during dehydrogenation of 
a Ti–6Al–4V–(0.2÷0.33)Н alloy both under vacuum 
annealing and electron beam irradiation. It is indicated 
by appearance of reflections corresponding to the β 
phase in the x-ray diffraction patterns of the submi-
crocrystalline Ti–6Al–4V–Н alloy (Fig. 5). After vac-
uum annealing view of X-ray diffraction pattern is 
typical for two-phase Ti–6Al–4V alloy (Fig. 5, curve 
1). In this case volume fraction of the β phase ac-
counts for 10%. At the same time volume fraction of 
the β phase precipitated in the process of electron 
beam irradiation amounts 3%. 

Temperature dependencies analysis of average 
grain size changing under dehydrogenation by means 
of vacuum annealing and with the use of electron 
beam irradiation shows that under electron irradiation 
intensive grain growth beginning and its rate are con-
siderably higher, than on vacuum annealing (Fig. 6). 
Thus, electron beam irradiation at 653 K lead to aver-

age grain size growth during irradiation up to 0.6 μm. 
At the same time vacuum annealing at this tempera-
ture does not considerably change grain size. 

 

 
Fig. 5. Portions of diffraction patterns for Ti–6Al–4V 
specimens subjected to vacuum annealing at 873 K for  
60 min (1) and to dehydrogenation for 60 min with the use   
  of electron beam irradiation (2) 

 
Fig. 6. Temperature dependencies average grain size chang-
ing of nanostructured Ti–6Al–4V–(0.2÷0.33)Н alloys during 
dehydrogenation by means of: 1 – vacuum annealing; 2 –  
  electron beam irradiation 

Thus, judge by the character of grain size distribu-
tion changing (disappearance of the smallest grains 
and appearance of the largest grains) under electron 
irradiation as well as under vacuum annealing of 
nano- and submicrocrystalline states collective recrys-
tallization takes place in titanium alloys. 

It is known [2], that collective recrystallization is 
controlled by grain boundary diffusion of elements 
entered to the material composition. So, it is possible 
to suggest, that electron beam irradiation activates 
diffusion not only hydrogen, but also another elements 
entered into the investigated alloy composition. This 
guesswork is confirmed by the results of comparative 
estimate of recrystallization activation energy of nano- 
and submicrocrystalline states of investigated alloy in 
the case of vacuum annealing and of electron irradia-
tion. Grain growth rate temperature dependence ex-
pressed in terms of average grain size changing in the 
case of collective recrystallization is described by 
equation 

2 2
0 exp ,GQ

d d B
RT
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where d0 and d are the grain sizes at annealing initial 
time (τ = 0) and time τ later; В is the constant, depend-
ing on material abilities; QG is the activation energy of 
collective recrystallization; R is the universal gas con-
stant; Т is the annealing temperature. 

Calculated on the basis of average grain size 
changing of submicrocrystalline structure of  
Ti–6Al–4V alloy after hourly annealing at a tempera-
tures of 873, 923, and 973 K value of activation en-
ergy of collective recrystallization QG is equal 
(85 ± 10) kJ/mole. This value is closed to the value of 
grain boundary diffusion activation energy Qb of 
coarse-grained titanium (97 kJ/mole [3]). Calculated 
value of activation energy of collective recrystalliza-
tion of nanostructured Ti–6Al–4V–(0.2–0.33)Н alloy 
during dehydrogenation by means of vacuum anneal-
ing at a temperatures of 873 K and 923 K (QG =  
= (96 ± 10) kJ/mole) is also closed to the values Qb of 
coarse-grained titanium. At the same time value of 
collective recrystallization activation energy QG of 
investigated Ti–6Al–4V–(0.2–0.33)Н alloy under de-
hydrogenation by means of electron irradiation 
amounts (52 ± 10) kJ/mole. It is appreciably lower 
values QG for titanium and Ti–6Al–4V alloy under 
annealing and value Qb of coarse-grained titanium. 

4. Summary 

Degassing of nanostructured alloy by means of elec-
tron beam irradiation allows to decrease an active hy-
drogen release temperature by 200–350 K in compari-
son with vacuum annealing temperature. However for 
the time comparable with the time of complete alloy 
degassing by means of vacuum annealing, complete 
hydrogen removal from alloy by means of electron 
beam irradiation couldn’t be reached. In addition un-
der electron beam irradiation both hydrogen and  
another elements of alloy compound activation of dif-
fusion takes place. It leads to reduction of recrystalli-
zation temperature of nanostructured state and more 
rapid grain growth in comparison with the vacuum 
annealing. 
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