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ABSTRACT

Purpose: The present work compares the hot deformation behaviour at 800°C and 
microstructure evolution after the isothermal compression test of hydrogen containing 
specimens with that of non-hydrogenated Ti-6Al-4V alloy.
Design/methodology/approach: Specimens in hydrogenated and non-hydrogenated 
state were tested by means of isothermal compression at 800°C and strain rate of 0.005 s-1 
on a Gleeble-3800 machine. Thermal hydrogen treatment of specimens in flowing hydrogen 
consisted of annealing 1 h at 600°C, 0.5 h at 850°C and aging 4 h at 590°C.
Findings: Hydrogen contents in specimens at conditions as-received, heat treated in argon 
and in hydrogen and after isothermal compression test were measured using an analyzer 
LECO RH600. Thermal hydrogen treatment resulted in amount of hydrogen as high as 0.98 
wt. %. After isothermal compression test the hydrogen content of 0.46 wt. % was retained 
in the specimens.
Practical implications: The THT technology allows improving of fatigue and strength 
properties through microstructure refinement. Reversible hydrogen alloying provides 
decreasing flow stress and increasing hot workability of titanium alloys at lowers 
temperatures.
Originality/value: The special heat treatment technology of Ti-based alloys, so-called the 
thermo hydrogen treatment (THT), employs the reversible reaction of hydrogen with titanium 
in order to modify phase compositions, evolution of metastable phases and kinetics of 
phase transformations in titanium alloys.
Keywords: Ti-6Al-4V; Hydrogen heat treatment; Hot uniaxial compressive test; 
Microstructure; Gleeble
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1. Introduction 

Generally, the hydrogen is thought to be harmful 
element inducing brittleness in most engineering materials, 
titanium alloys included. As Ti-6Al-4V alloy having high 
strength-to-weight ratio, good corrosion resistance and bio-
compatibility is of particular interest for biocompatible 
implants in orthopedics and traumatology [1] it is essential 
to improve its hot workability. The use of hydrogen as  
a temporary alloying element of Ti-based alloys has been 
the subject of many studies focused on the hydrogen effect 
on deformation behaviour [2-8]. The special heat treatment 
technology of Ti-based alloys, so-called the thermo 
hydrogen treatment (THT), employs the reversible reaction 
of hydrogen with titanium in order to modify phase 
compositions, evolution of metastable phases and kinetics 
of phase transformations in titanium alloys [2]. The THT 
technology allows improving of fatigue and strength 
properties through microstructure refinement. Reversible 
hydrogen alloying provides decreasing flow stress and 
increasing hot workability of titanium alloys at lowers 
temperatures.  

The present work compares the hot deformation 
behaviour at 800°C and microstructure evolution after the 
isothermal compression test of hydrogen containing 
specimens with that of non-hydrogenated Ti-6Al-4V alloy. 

2. Experimental 

Forged bars of Ti-6Al-4V alloy supplied by company 
MEDIN, a.s. were used for preparing of experimental 
specimens. Cylindrical specimens, 10 mm in diameter and 
12 mm in height, were machined and heat treated. Prior to  

hydrogenation treatment the specimens were annealed at 
750°C for 1.5 h in flowing argon and air cooled to room 
temperature. Hereafter, the cylinders were hydrogenated 
under flowing pure (6N) hydrogen in high temperature 
hydrogen charging furnace following a procedure steps 
according to [9] and described in Fig. 1: (1) heating to 
600°C and holding for 1 h; (2) increasing temperature to 
850°C and holding for 0.5 h; (3) cooling to 590°C and 
holding for 4 h (4) argon-cooling to 400°C in furnace and 
water quenching to room temperature.  

To investigate the hydrogen effect on deformation 
behaviour of the non-hydrogenated (as-received) and 
hydrogenated Ti-6Al-4V specimens, isothermal compression 
at 800°C and constant strain rate of 0.005 s-1 was 
conducted on a Gleeble-3800 machine. Specifically prior to 
isothermal compression reaching 50.0% of maximum 
height reduction, the specimens were held for 3 min at the 
nominal deformation temperature and after the test, the 
specimens were air-cooled to the room temperature. During 
isothermal compression, the flow stress was recorded as  
a function of strain.  

All metallographic specimens were ground and 
polished by conventional methods and etched using Kroll’s 
reagent (2HF:4HNO3:80H2O). Hydrogen concentrations 
were determined by hydrogen determinator LECO RH 600. 

3. Results and discussion 

The macroscopic view of tested specimens is illustrated 
in Fig. 2. Comparing non-hydrogenated and hydrogenated 
specimens, it is clear that despite the high hydrogen content 
in THT treated specimens the deformation behaviour is 
macroscopically similar. The amount of 50% reduction in 
height is presented in Fig. 2c.

Fig. 1. Cycle of thermo hydrogen treatment (THT) and subsequent isothermal compression test 
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The as-received Ti-6Al-4V alloy has a bimodal equiaxed 
( + ) microstructure shown in Fig. 3. The Ti-6Al-4V alloy 
annealed in Ar at 750°C for 1.5 hours has the similar 
microstructure indicating that annealing time didn’t affect 
grain growth or recrystallization. The microstructure of 

THT treated specimens was markedly changed as it could 
be seen in Fig. 4. During holding at 590°C the 
microstructure fully decomposed after following eutectoid 
reaction: H + H H+( + ), according to [9], 
where  is titanium hydride. 

Fig. 2. Specimens of Ti-6Al-4V alloys after isothermal compression test a) non-hydrogenated, b) hydrogenated and  
c) comparison of the state before and after the test 

Fig. 3. Bimodal equiaxed microstructure of Ti-6Al-4V alloy: a) as-received and b) annealed in Ar 

Fig. 4. Microstructure after eutectoid decomposition after THT: a) on the edge and b) in the centre of the specimen 

a) b) 

a) b)
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The deformation microstructure after the isothermal 
compressive test quite differs for both hydrogen conditions, 
as seen in Fig. 5. While non-hydrogenated specimen has 
the fine equiaxed microstructure composed of ( + ) phase, 
specimens containing hydrogen have predominantly 
acicular  martensite and very rare and fine equiaxed 
grains are observed, which indicates that the specimens 
were deformed in a single  phase region, otherwise above 
the  transus temperature.  

The hydrogen contents measured for four conditions of 
thermo mechanical treatment (as-received, annealed in 
argon, thermo hydrogen treated and thermo hydrogen 
treated after compression test) are summarized in Table 1. 
The amount of hydrogen after compression test decreased 
to the half level but the concentration was sufficient for 
retaining  phase and following martensitic transformation 
(Fig. 5b). 

Figure 6 shows the true stress-true strain curves for both 
specimens of Ti6-Al-4V in the as-received and THT treated 
conditions. In the case of non-hydrogenated Ti6-Al-4V 
(Fig. 6a) the stress is increasing with raising strain to  
a maximum and then goes down, which shows that the 
working softening has prevailed. The deformation evolution 
of THT specimens at 800°C shows that softening effect 
from dynamic recovery quickly reaches an equilibrium 
with the work hardening and passes directly into a steady 
flow stage, during which the stress does not change  

(Fig. 6b). So compared with the non-hydrogenated state,  
it could be seen that hydrogen promote the dynamic 
recovery of the deformation in titanium alloy and the 
steady flow stress in hydrogen containing alloy is much 
lower than that of specimens without hydrogen at the same 
deformation temperature. This result proved that at as high 
concentrations of hydrogen as 0.98 wt.% the flow stress 
could be obviously reduced and the alloy could be 
deformed without cracking. 

4. Conclusion 

The hydrogen effect on the microstructure and flow 
stress was studied using isothermal compression test at 
800°C. Comparing the results obtained for non-hydrogenated 
and hydrogenated specimens it was found that the 
hydrogen content as high as 0.98 wt.% has an obvious 
benefit effect on high temperature deformation behaviour 
in the Ti-6Al-4V alloy by decreasing the  transus 
temperature and lowering the thermal deformation 
resistance. Retained amount of hydrogen after isothermal 
compression test resulted in the need-like martensite 
microstructure with rare and very fine equiaxed  grains 
that indicates the presence of a single  phase at 
temperatures at which the hydrogen free alloys are 
normally predominantly two phase ( + ) microstructure.

Fig. 5. Microstructure of specimens after isothermal compression test: a) non-hydrogenated and b) hydrogenated 

Table 1. 
Amount of hydrogen measured using LECO RH600 
Specimen Hydrogen content, wt. ppm Hydrogen content, wt. % 
As-received 47 0.005 
After annealing in argon 35 0.004 
After THT  9782 0.980 
After THT + isothermal compression 4600 0.460 

a) b) 
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Fig. 6. Hydrogen effect on elastic and plastic ranges of specimens: a) as-received (0.005 wt. % of hydrogen) and b) hydrogen 
heat treated (0.98 wt. % of hydrogen) 
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