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Abstract: Electromagnetic forming tests were done at room temperature to reveal the influence of hydrogen content on the 
compressive properties of Ti−6Al−4V alloy at high strain rate. Microstructure was observed to reveal the mechanism of 
hydrogen-enhanced compressive properties. The experimental results indicate that hydrogen has favorable effects on the compressive 
properties of Ti−6Al−4V alloy at high strain rate. Compression of Ti−6Al−4V alloy first increases up to a maximum and then 
decreases with the increase of hydrogen content at the same discharge energy under EMF tests. The compression increases by 47.0% 
when 0.2% (mass fraction) hydrogen is introduced into Ti−6Al−4V alloy. The optimal hydrogen content for cold formation of 
Ti–6Al–4V alloy under EMF was determined. The reasons for the hydrogen-induced compressive properties were discussed. 
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1 Introduction 
 

Titanium alloys and magnesium alloys are attractive 
lightweight structural materials, which have high specific 
strengths [1−5]. They are widely used in aerospace 
industry and automobile industry because light weight is 
being taken seriously by various engineering industries. 
However, they suffer from low plasticity at room 
temperature, which restricts their applications [6]. 
Therefore, how to improve the plasticity of the 
lightweight materials has been an important research 
topic. 

Recent researches have shown that many methods 
can significantly enhance the room temperature plasticity 
of titanium alloys and magnesium alloys, including equal 
channel angular extrusion (ECAE) [7−9], high pressure 
torsion (HPT) [10,11], repetitive upsetting-extrusion 
(RUE) [12,13], accumulative roll-bonding (ARB) 
[14,15], compound extrusion [16], multi-axial forging 
(MAF) [17,18], addition of alloying element [19] and 
thermohydrogen processing (THP) [20,21]. 

Among the plastification methods of lightweight 
materials, the thermohydrogen processing is an effective 

method especially for titanium alloys [22,23]. This is a 
technique in which hydrogen is used as a temporary 
alloying element in titanium alloys to control the 
microstructure and improve the final mechanical 
properties of titanium alloys. The basis of THP is the 
modifying effect of hydrogen as an alloying element on 
phase compositions, development of metastable phases 
and kinetics of phase transformations in titanium alloys. 
The addition of hydrogen can refine the microstructure 
[24,25] and improve the plasticity of titanium alloys at 
room temperature [26,27] and high temperature [28,29] 
and superplasticity [30,31]. Among them, the notable 
characteristic of room temperature hydrogen 
plastification is the increase of ultimate compression 
when the first macroscopical crack appears at the 
cylindrical surface of specimen. 

Cold forming is a very economical process for 
titanium alloy products. But most kinds of titanium 
alloys are difficult to form at room temperature because 
of their low plasticity. Although some work has     
been done on the cold forming of the hydrogenated  
titanium alloys [26,27], little work has been reported  
on their compressive properties at high strain rate. 
Electromagnetic forming (EMF) [32] is an impulse or 
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high-speed forming technology, which uses pulsed 
magnetic fields to apply forces to tubular or sheet metal 
workpieces, made of a material of high electrical 
conductivity. EMF has peculiar advantages in forming of 
metal materials because of the improved formability and 
strain distribution [33]. 

Therefore, in this work, EMF tests were carried out 
at room temperature to reveal the influence of hydrogen 
content (0.1−0.5%, mass fraction) on the room 
temperature compressive properties of Ti−6Al−4V alloy 
at high strain rate. Fracture surface and microstructure 
were observed to reveal the mechanism of 
hydrogen-induced compressive properties of Ti−6Al−4V 
alloy at high strain rate. 
 
2 Experimental 
 

The material used in the present work was a 
Ti−6Al−4V alloy. Cylindrical specimens, 4 mm in 
diameter and 6 mm in height, were used for 
hydrogenation treatment. Details of the hydrogenation 
process were described in our previous work [34]. The 
hydrogen contents in the hydrogenated specimens 
produced in this way were controlled by changing the 
equilibrium pressure of hydrogen and determined by 
weighing the specimens before and after hydrogenation 
using an electronic balance providing a measurement 
accuracy of 0.01 mg. The specimens with hydrogen 
contents in the range of 0.1%−0.5% (mass fraction) were 
obtained. 

EMF tests were performed on an EMF 30/5-IV type 
apparatus at room temperature to investigate the 
compressive properties of Ti−6Al−4V−xH alloys at high 
strain rate. The parameters of the EMF apparatus are 
listed in Table 1. Compression was determined by 
measuring the height of specimens before and after EMF 
tests, as described by  
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where H0 is the initial height of specimen before EMF 
test, Hk is the height of specimen after EMF test, and ε is 
the compression. The compressive specimens were 
cylinders of 4 mm in diameter and 6 mm in height. MoS2 
lubricant was coated on the both end faces of the 
specimen in order to reduce the friction between the 
specimen and the compressive bars. The specimen was 
under uniaxial compression instantaneously in EMF test. 
Capacitance used in EMF test was 2660 μF. The  
different compressions and ultimate compressions to 
appearance of the first crack on the lateral surfaces of 
specimens were obtained by changing the discharge 
voltage. 

Table 1 Parameters of electromagnetic forming apparatus 

Machine 
Capacitance/

μF 
Ceiling 

voltage/kV 
Ceiling energy/

kJ 

EMF 30/5-IV 2660 5 33.25 

 
Microstructures were investigated by an optical 

microscope (Olympus BHM-2UM) and a scanning 
electron microscope (Hitachi S-570). Fracture surfaces 
were observed by a scanning electron microscope 
(Hitachi S-570). Microhardness was determined on a 
HVS-1000Z digit-display hardness tester with a load of 
200 g and a test duration of 15 s. 
 
3 Results and discussion 
 
3.1 EMF tests 

The mechanical properties of Ti−6Al−4V−xH alloys 
at different discharge voltages in EMF tests are shown in 
Table 2. It can be seen that all Ti−6Al−4V−xH alloys do 
not reach their ultimate compressions when the discharge 
voltage is 0.9 kV, because no crack is found on their 
lateral surfaces. Compressions of Ti−6Al−4V−xH alloys 
in EMF tests at 0.9 kV are shown in Fig. 1. It can be seen 
that compression first increases up to a maximum with 
increasing the hydrogen content and then decreases, 
which increases by 47.0% when 0.2% hydrogen is 
introduced into a Ti−6Al−4V alloy. The results indicate 
that hydrogen has favorable effects on the room 
temperature compressive deformation of Ti−6Al−4V 
alloy at high strain rate, which can improve the plasticity 
of Ti−6Al−4V alloy at room temperature and decrease 
the demand of forming apparatus and dies. 

From Table 2, it can be seen that the compression of 
specimens with the same hydrogen content increases 
with the increase of discharge voltage, which is 
attributed to the increasing discharge energy during the 
process of EMF tests. Each specimen fractures until it 
reaches its ultimate compression when the discharge 
energy reaches one value. However, the discharge energy 
of the non-hydrogenated specimen is higher than those of 
the hydrogenated specimens, which indicates that these 
hydrogenated specimens have lower resistance of 
deformation and are easier to deform than the 
non-hydrogenated specimen. Softening of the 
hydrogenated specimens is mainly attributed to the 
microstructure evolution after hydrogenation. The 
amount of softer beta phase and orthorhombic α″ 
martensites increases after hydrogenation, because 
hydrogen is a beta-stabilizing element and can decrease 
the beta transus temperature, as described in our previous 
work [35]. 
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Table 2 Mechanical properties of Ti−6Al−4V−xH alloys at 
different discharge voltages in EMF tests 

Hydrogen 
content/%

Discharge 
voltage/ 

kV 

Strain 
rate/ 
s−1 

Compression/ 
% 

Crack 
on 

lateral 
surface 

Does 
ultimate 

compression 
reach? 

0.0 0.9 15.4 10.0 no  

0.0 1.0 26.7 17.4 no  

0.0 1.1 39.5 25.7 no  

0.0 1.125 46.6 30.3 no yes 

0.0 1.15 63.2 41.1 yes  

0.0 1.2 67.8 44.1 yes  

0.1 0.9 19.2 12.5 no  

0.1 1.0 29.3 19.0 no  

0.1 1.1 47.7 31.0 no yes 

0.1 1.125 58.7 38.1 yes  

0.1 1.15 71.1 46.2 yes  

0.1 1.2 75.4 49.0 yes  

0.2 0.9 22.7 14.7 no  

0.2 0.95 23.8 15.4 no  

0.2 0.975 29.2 19.0 no yes 

0.2 1.0 50.0 32.5 yes  

0.2 1.1 56.4 36.7 yes  

0.3 0.9 17.7 11.5 no  

0.3 0.925 22.8 14.8 no yes 

0.3 0.95 38.2 24.8 yes  

0.3 1.0 27.2 17.7 yes  

0.3 1.1 62.7 40.8 yes  

0.4 0.9 17.0 11.0 no  

0.4 0.95 18.0 11.7 no  

0.4 0.975 22.1 14.3 no yes 

0.4 1.0 60.4 39.3 yes  

0.4 1.1 − − yes  

0.5 0.9 16.8 10.9 no  

0.5 0.95 20.1 13.0 no  

0.5 1.0 31.8 20.7 no  

0.5 1.0 25.0 16.3 no  

0.5 1.025 29.1 19.0 no yes 

0.5 1.05 47.2 30.7 yes  

0.5 1.1 43.6 28.4 yes  

 
The ultimate compressions of Ti−6Al−4V−xH 

alloys during EMF tests are shown in Fig. 2. It can be 
seen that the ultimate compression first increases and 
then decreases with the hydrogen content increasing, 
which increases by 2.3% when 0.1% hydrogen is 
introduced into a Ti−6Al−4V alloy, and decreases 
maximally by 52.7% when the hydrogen content reaches 

 

 
Fig. 1 Compression of Ti−6Al−4V−xH alloys in EMF tests at 
0.9 kV 
 

 
Fig. 2 Ultimate compression of Ti−6Al−4V−xH alloys under 
EMF tests 
 
0.4%. The result indicates that appropriate hydrogen 
content has a favorable effect on the plasticity of 
Ti−6Al−4V alloy at high strain rate. And the optimal 
hydrogen content is 0.1% (mass fraction) for cold 
deformation of Ti−6Al−4V alloy at high strain rate. 
However, the optimal hydrogen content for cold 
deformation of Ti−6Al−4V alloy at high strain rate is 
lower than that at quasi-state strain rate, and its 
amplification at high strain rate is smaller than that at 
quasi-state strain rate. The results of cold deformation of 
Ti−6Al−4V−xH alloys at quasi-state strain rate were 
described in our previous work [35]. 
 
3.2 Fracture surfaces and microstructures after EMF 

tests 
During the process of EMF test, the specimen is 

under the state of uniaxial compression. The 
compression of Ti−6Al−4V−xH alloy increases with the 
discharge voltage increasing. When the specimen reaches 
its ultimate compression, the specimen fails in general 
into two fragments with the fracture surface at 45° to the 
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compression axis, which indicates that the shear stress 
dominates in the process of fracture. Cracks initiate and 
propagate along the maximum shear stress plane. 
Fracture surfaces can be observed until these two 
fragments separate completely. Ti−6Al−4V−0.1H alloy 
and Ti−6Al−4V−0.4H alloy were selected to observe 
their fracture surfaces, because the ultimate compression 
of Ti−6Al−4V−0.1H alloy is the highest and that of 
Ti−6Al−4V−0.4H alloy is the lowest among these 
Ti−6Al−4V−xH alloys. The fracture surfaces of 
Ti−6Al−4V−0.1H alloy and Ti−6Al−4V−0.4H alloy after 
EMF test are shown in Fig. 3. It can be seen that there 
are two areas on the fracture surfaces of Ti−6Al−4V−xH 
alloys: dimples areas and relative smooth areas, similar 
to the results of Refs. [36,37]. Commonly, the presence 
of dimple areas indicates a ductile rupture, which is 
elongated along the maximum shear stress direction and 
created under tensile stress within shear band and 
presents parabolic. While the presence of relative smooth 
areas implies a brittle rupture, which is believed to be 
caused by the rubbing of the mating fracture surfaces of 
specimen while the surfaces were still soft due to the 
high temperature in the shear band region. There are two 

differences between the fracture surfaces of 
Ti−6Al−4V−0.1H alloy and Ti−6Al−4V−0.4H alloy. One 
difference is that the dimple of Ti−6Al−4V−0.1H alloy is 
larger than that of Ti−6Al−4V−0.4H alloy. The other is 
that the area of dimples on the fracture surface of 
Ti−6Al−4V−0.1H alloy is larger than that of Ti−6Al− 
4V−0.4H alloy. The results of fracture surfaces in 
Ti−6Al−4V−xH alloys after EMF tests indicate that the 
plasticity of the specimen with lower hydrogen content is 
higher than that of the specimen with higher hydrogen 
content, which is coincident with the ultimate 
compressions of Ti−6Al−4V−xH alloys under EMF tests. 

After EMF tests, Ti−6Al−4V−xH alloys are cut 
along their cross sections using an electric discharging 
machine, polished and etched in a mixed solution of 
V(HF):V(HNO3):V(H2O)=1:1:8 to reveal their 
microstructures. The optical micrographs of Ti−6Al− 
4V−xH alloys are shown in Fig. 4. The white areas in Fig. 
4 indicate that the microstructure is homogeneous. Two 
white adiabatic shear bands (ASBs) are found before 
each Ti−6Al−4V−xH alloy reaches its ultimate 
compression, in which microvoid and microcrack can be 
found and no macrocrack is found. These two ASBs 

 

  
Fig. 3 Fracture surfaces of Ti−6Al−4V−xH alloys during EMF test: (a), (b) Ti−6Al−4V−0.1H alloy, 1.15 kV; (c), (d) Ti−6Al−4V− 
0.4H alloy, 1.0 kV 
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Fig. 4 Optical micrographs of Ti−6Al−4V−xH alloys after 
EMF tests: (a) 0H, 1.125 kV, ultimate compression; (b) Without 
H, 1.15 kV, after ultimate compression; (c) 0.1%H, 1.1 kV, 
ultimate compression; (d) 0.1%H, 1.125 kV, after ultimate 
compression; (e) 0.2%H, 0.975 kV, ultimate compression; (f) 
0.2%H, 1.0 kV, after ultimate compression; (g) 0.3%H, 0.925 
kV, ultimate compression; (h) 0.3%H, 0.95 kV, after ultimate 
compression; (i) 0.5%H, 1.025 kV, ultimate compression; (j) 
0.5%H, 1.05 kV, after ultimate compression 
 
intersect with each other as 90°. ASBs become more 
obscure with an increase in the hydrogen content. After 
Ti−6Al−4V−xH alloys reach their ultimate compressions, 

ASB becomes more obvious. While only one ASB can 
be found and it intersects with the compression axis as 
45°. Macrocrack can be obviously found, and its 
maximum width decreases from 0.702 mm of the 
nonhydrogenated Ti−6Al−4V alloy to 0.198 mm of the 
Ti−6Al−4V−0.5H alloy with the increasing hydrogen 
content. The results indicate that hydrogen decreases the 
sensitivity of ASB of Ti−6Al−4V alloy. 

More detailed microscopic features of ASBs in 
Ti−6Al−4V−xH alloys are investigated by SEM analysis, 
which reveals the evolution process of ASB. SEM 
micrographs of Ti−6Al−4V−xH alloys after EMF tests 
are shown in Fig. 5. It can be seen that there are clear 
boundaries between ASB and bulk material. 
Microstructure in ASB is elongated sharply, or even 
broken. The deformation in ASB is severer than that in 
bulk material. The characteristic of deformation band can 
be seen. Vickers hardness in ASB is higher than that in 
bulk material (as shown in Fig. 6), which is attributed to 
the strain rate hardening, strain hardening and softening 
induced by adiabatic temperature rise. The results show 
that ASB is a deformation band when Ti−6Al−4V−xH 
alloys are deformed under EMF tests. 

ASBs in Ti−6Al−4V−xH alloys become obscure 
and the maximum width of macrocrack becomes smaller 
with the increasing of hydrogen content, which indicates 
that the sensitivity of ASB in Ti−6Al−4V−xH alloys 
becomes weaker with the increasing of hydrogen content. 
The appearance of this phenomenon is caused by the 
increase of thermal conductivity and strain hardening 
rate in Ti−6Al−4V−xH alloys as the hydrogen content 
increases [36,38]. The reason of the increasing thermal 
conductivity is that the addition of hydrogen to titanium 
alloy weakens the atomic bonding, decreases the bonding 
energy and therefore promotes the transfer of thermal 
motion. The increase of thermal conductivity leads to the 
improvement of heat-sinking capability. Strain hardening 
rate in Ti−6Al−4V−xH alloys increases after 
hydrogenation, as shown in Fig. 7. Therefore, Ti−6Al− 
4V−xH alloys become less sensitive to ASB with the 
increasing hydrogen content at high strain rate. 

The microdamage mode of Ti−6Al−4V−xH alloys 
under EMF is similar and consists of ASB, microvoid 
and microcrack. Fracture of Ti−6Al−4V−xH alloys is 
prior to create in ASB because ASB is weaker than bulk 
material due to the presence of microvoid and 
microcrack in ASB. Wall of microvoid is smooth, which 
indicates ASB is soft and its temperature in ASB is high 
[39]. The shape of microvoid presents spheric and 
ellipsoidal. The long axis of ellipsoidal microvoid is the 
same as ASB and its width is coincident with the width 
of ASB, as shown in Fig. 5. 
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Fig. 5 SEM photos of ASB in Ti−6Al−4V−xH alloys: (a) without H, 1.125 kV; (b) without H, 1.15 kV; (c) 0.1%H, 1.1 kV; (d) 0.1%H, 
1.125 kV; (e) 0.2%H, 0.975 kV; (f) 0.2%H, 1.0 kV; (g) 0.3%H, 0.925 kV; (h) 0.5%H, 1.025 kV 
 

Fracture of ASB is realized by initiation, growth and 
connection of microvoids. Microvoid is initiated at high 
temperature within ASB under tensile stress. The molten 
microvoid is spheric shape determined by the least-work 
theory, as shown in Fig. 5(h). With the development of 
spheric microvoid, it develops along ASB and is hard to 
develop perpendicular with ASB due to the restriction of 

bulk material around ASB. Therefore, ellipsoidal 
microvoid is formed, as shown in Fig. 5(a). Ellipsoidal 
microvoids grow, connect with each other, and then 
macrocrack is formed in ASB, which leads to the  
fracture of specimen along ASB. The shape of microvoid 
can also be seen at the frontier of crack, as shown in  
Fig. 5(f). 
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Fig. 6 Vickers hardness of Ti−6Al−4V−xH alloys in and out of 
ASB after EMF tests: (a) Without H, 1.15 kV; (b) 0.1%H, 1.125 
kV 
 

 
Fig. 7 Strain hardening rate of Ti−6Al−4V−xH alloys 
 
4 Conclusions 
 

1) Compression first increases up to a maximum 
with the hydrogen content increasing and then decreases 
when Ti−6Al−4V−xH alloys are compressed under EMF 
tests at the same discharge voltage, which indicates that 
hydrogen can improve the plastic deformation of 

Ti−6Al−4V alloy at room temperature and decrease the 
demand of forming apparatus and dies. The compression 
increases by 47.0% when 0.2% hydrogen is introduced 
into a Ti−6Al−4V alloy. 

2) The compression of specimen charged with the 
same hydrogen content increases with the increasing of 
discharge voltage under EMF tests. The ultimate 
compression first increases up to a maximum with the 
hydrogen content increasing and then decreases. Its 
amplification at high strain rate is smaller than that at 
quasi-state strain rate. 

3) ASBs become more obscure and the maximum 
width of macrocrack decreases with the increase in the 
hydrogen content, which indicates that the sensitivity of 
ASB in Ti−6Al−4V−xH alloys becomes weaker with the 
increase of hydrogen content. The appearance of this 
phenomenon is caused by the increase of thermal 
conductivity and strain hardening rate in Ti−6Al−4V−xH 
alloys. 
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氢含量对 Ti−6Al−4V 合金室温高速压缩性能的影响 
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摘  要：利用电磁成形实验研究氢含量对 Ti−6Al−4V 合金室温高速压缩性能的影响，通过微观组织观察揭示氢致

压缩性能机理。结果表明，氢对 Ti−6Al−4V 合金的高速压缩性能存在有益的影响。在电磁成形实验放电能量相同

的条件下，Ti−6Al−4V 合金的变形率随氢含量的增加呈先增加后降低的趋势。当 Ti−6Al−4V 合金置氢 0.2%(质量

分数)时，合金的变形率增加了 47.0%。确定了有利于 Ti−6Al−4V 合金室温电磁成形时的最佳氢含量。分析了氢致

压缩性能的机理。 

关键词：Ti−6Al−4V 合金；氢含量；电磁成形；压缩性能；热氢处理 
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