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The effect of hydrogen on mechanical properties and superplastic deformation of two 
commercial 13 titanium alloys, Ti-4AI-7Mo-10V-2Fe-IZr (Ti-471021) and Ti-10V-2Fe-3AI 
(Ti-1023), was studied in the range of hydrogen concentration up to 1.3 wt%. The elevated 
temperature hardness of Ti-471021 alloy increased with hydrogen concentration. The stress 
levels during the superplastic deformation in both alloys increased with increasing 
concentrations of hydrogen in the 13-phase region. X-ray diffraction results and examination 
of the microstructure with TEM revealed that no hydrides had formed up to hydrogen 
concentrations of 1.3 wt%. The increase in flow stress was mainly due to the solid solution 
strengthening by hydrogen during the superplastic deformation. 

1. Introduction 
Hydrogen has long been considered to have detrimen- 
tal effects on mechanical properties of titanium alloys 
[1-3]. However, it has also been demonstrated that 
hydrogen has beneficial effects in improving hot work- 
ability, refining microstructure, and enhancing mech- 
anical properties of titanium alloys [~11].  Kolachev 
et al. reported that the addition of hydrogen caused 
a remarkable decrease in forging loads and im- 
proved the hot workability in Ti-9A1 [4] and 
Ti-5Zr-9A1-5Sn-2Mo [5] alloys. Birla and DePierre 
[6] reported that the forging flow stress of 
Ti-6A1-2Sn~Zr-6Mo alloy decreased by 30%-35% 
at 730~ with the addition of 0.4wt % hydrogen. 
Kerr et al. [7] studied the effects of hydrogen on the 
hot workability of Ti-6V-4A1 by using hydrogen as 
a temporary alloying element. They reported that hy- 
drogen stabilized the 13-phase and reduced the forging 
flow stress by 30%. This reduction was equivalent to 
decreasing the forging temperature by 80 ~ Their 
results showed a minimum flow stress was obtained at 
a hydrogen concentration of 0.2~0.4 wt %. Kerr et al. 

suggested that hydrogen, as a potent 13 stabilizer, sup- 
pressed the 13 transus temperature and increased the 
volume ratio of 13/~ in Ti-6A1-4V alloy for a given 
testing temperature. Because b c c 13-phase possessed 
much better hot workability than c~-phase, the 

introduction of a certain amount of hydrogen im- 
proved the hot workability in ~ and ~ + 13 alloys. They 
also reported that when the hydrogen concentration 
was more than 0.4 wt %, the flow stress increased due 
to the formation of hydrides in the microstructure [7]. 
Hydrogen also improved the superplasticity in tita- 
nium alloys such as Ti-6AI~4V [10, 11]. Zhang et al. 

[11] reported the optimum range of hydrogen con- 
centration for superplasticity of Ti-6A1MV alloy was 
approximately 0.2-0.3 wt %. This was attributed to an 
optimization of the 13/~ ratio in the ~ + 13 alloy. At 
higher hydrogen concentrations, the hydrogen caused 
the formation of hydrides and a fully stabilized 
13 microstructure. This resulted in rapid grain growth 
and reduced superplasticity in Ti-6A1-4V alloy 
[10, 11]. 

While the effects of hydrogen on ~ and ~ + 13 alloys 
at elevated temperatures have been well documented, 
few studies have been reported on the effects of hydro- 
gen on 13 alloys, particularly at elevated temperatures 
[12]. Because there is a great difference in properties 
between ~ + 13 alloys and 13 alloys, differences in the 
hydrogen effects on both are expected. The major 
issues relevant to the different effects of hydrogen 
between 13 and ~ + 13 titanium alloys result from the 
difference in hydrogen solubility. Hydrogen has 
a solubility which is much higher in 13 alloys than in 
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and 0~ + 13 alloys [13, 14]. In the 13-annealed condi- 
tion, hydrogen solubility in the 13-titanium alloys are 
as high as more than 1 wt % in some alloy systems 
[-1, 12, 14-16]. In addition, hydrogen has a diffusivity 
approximately ten times higher in [3-phase than in 
a-phase [14]. 

The objectives of the present work were to investi- 
gate the effects of hydrogen on the mechanical proper- 
ties of 13-titanium alloys at elevated temperatures, and 
compare the hydrogen effects on the mechanical prop- 
erties of 13 alloys at room and elevated temperatures. 
In carrying out this work, superplastic tensile tests 
were conducted in two commercial J3-titanium 
alloys, Ti-4A1 7Mo-10V-2Fe-IZr  (Ti-471021) and 
Ti-10V-2Fe-3V (Ti-1023), in the single 13-phase re- 
gion. This eliminated the indirect I effects from other 
phases such as ~, co and hydride. 

2. Experimental procedure 
The materials used in this study were two com- 
mercial J3-titanium alloys, Ti~A1-7Mo-10V-2Fe-IZr 
(Ti-471021) and Ti-10V-2Fe-3A1 (Ti-1023), supplied 
as hot-rolled bars with the diameter of 25 mm. The 
chemical composition of these two alloys is listed in 
Table I. The bars were further hot-rolled to reduce the 
diameter to 19 ram, then annealed at 800 ~ for 30 rain 
in an argon atmosphere and water quenched. Tensile 
specimens and other specimens were machined from 
the bars. The tensile specimens were 5 mm diameter 
and 20 mm gauge length. 

The previously machined specimens were charged 
with hydrogen to various concentrations in a Sieverts 
apparatus in a sealed chamber at 800 ~ for 3 h. The 
introduced hydrogen was controlled by the hydrogen 
partial pressure in a mixed gas of hydrogen and argon 
in accordance with Sievert's law: CH = K(PH2) 1/2. 
CH is the hydrogen concentration in the specimen, 
PH2 is the partial pressure of the hydrogen, and K is 
a constant. Specimens were water quenched after 
being charged with hydrogen. Hydrogen concentra- 
tions in the specimens were determined by measuring 
the weight of the specimens before and after the hy- 
drogen charging with a 0.000 01 g balance. Chemical 
analysis was also used to confirm the hydrogen con- 
centrations in some specimens. The results indicated 
a very good agreement between these two methods. 

Standard metallographic procedures were used 
to prepare the specimens for optical metallography 
and X-ray diffraction tests. Metallographic specimens 
were etched with Kroll's etchant. X-ray diffraction 
measurements were conducted with a Siemens D-500 
diffractometer using CuK= radiation. The strain 
rate for the room-temperature tensile test was 
4.5x 10 -4 s -1. Elevated temperature hardness tests 
were conducted in a special chamber maintaining the 

proper Hz/Ar gas ratio for a given hydrogen concen- 
tration. Superplastic tensile tests were performed on 
a universal testing instrument at 800 ~ The tensile 
specimens were placed in a sealed, heated, environ- 
mental chamber. Hydrogen concentrations in the test 
samples were maintained during heating and testing 
by flowing a gas mixture of hydrogen and argon 
through the chamber. The H2/Ar ratio was selected 
based on the desired hydrogen concentration. During 
the superplastic tests the crosshead rate was held 
constant at 0.5 mm rain- 1 (initial strain rate 
~o = 4.5 x 10 -4 s-~). Load-elongation curves and true 
stress true strain curves were recorded. The fractured 
specimens were sectioned longitudinally from the 
grips (undeformed) through the gauge lengths (de- 
formed) for further studies by optical microscopy and 
transmission electron microscopy (TEM). The TEM 
thin foil preparation was by electro-chemical double 
jet polishing. The electrolytic solution used was 
6% perchloric acid (HC104) + 34% n-butyl alcohol 
+ 60% methanol employing a voltage of 40 V and at 
a temperature of - 40 ~ 

3. Results 
3.1. Microstructure and X-ray diffraction 
Optical micrographs of these two 13-treated alloys 
containing different hydrogen concentrations are 
shown in Fig. 1. The optical microstructure was all 
13-phase with the grain sizes approximately 100 lain for 
TIM71021 and 80 #m for Ti-1023. The grain size was 
found to be independent of hydrogen concentration. 
Up to 1.3 wt % hydrogen, no hydrides were found by 
examination with X-ray diffraction and TEM in all 
specimens of both alloys. This was in agreement with 
the previous studies on the hydrogen solubility of 
13-phase in 13-titanium alloys [14-18]. 

The variation in the lattice constants of the [3-phase 
in both alloys with hydrogen concentration was meas- 
ured by X-ray diffraction at room temperature and is 
shown in Fig. 2. The lattice constant of Ti-471021 
expanded by 1.0% at the hydrogen concentration of 
1.1 wt %. For Ti-1023, the lattice constant increased 
1.4% as the hydrogen concentration increased to 
1.3 wt %. These results agree with those reported by 
Paton et al. for Ti-18 wt % Mo [17] and by Young 
and Scully for Ti-A1-Nb-Mo [19]. 

3.2. R o o m - t e m p e r a t u r e  t e n s i l e  t e s t  
The effects of hydrogen on room-temperature tensile 
properties of Ti-471021 are shown in Fig. 3. The ten- 
sile yield strength initially increased slightly with 
hydrogen concentration and then decreased. The duc- 
tility of the alloy initially decreased slightly and then 
decreased rapidly beginning at a nominal hydrogen 

T A B L E  I Chemical composit ion of T i -4AI-7Mo-10V 2 F e - l Z r  and Ti-10V-2Fe-3A1 alloys used in this study (wt %) 

Alloys Ti A1 Mo V Fe Zr Si C H O 

TIM71021 Bal. 4.05 7.24 9.64 1.85 0.89 0.05 0.02 0.0062 0.016 
Ti-1023 Bal. 3.08 9.46 1.98 0.02 0.03 0.0023 0.085 
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Figure 2 Variation of lattice constants with hydrogen concentra- 
tions for ( - - 0 - - )  Ti~471021 and ( �9 ) Ti-1023 alloys. 
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Figure 3 Effect of hydrogen on room-temperature tensile properties 
of Ti~471021: ([3) yield stress, (�9 elongation. 

3.3. H a r d n e s s  at  e l e v a t e d  t e m p e r a t u r e s  
The variations in hardness of Ti~471021 with hydro- 
gen concentration at elevated temperatures are shown 
in Fig. 4. Note the hardness increased with hydrogen 
at all testing temperatures, indicating the solid-solu- 
tion strengthening by hydrogen in 13-titanium at elev- 
ated temperatures. 

Figure 1 Optical micrographs of two J3-titanium alloys containing 
different hydrogen concentrations: (a) Ti-471021 containing 
H =0.0062wt%, (b) Ti~471021 containing H = 1.15wt%, 
(c) Ti 1023 containing H = 0.0023 wt %. 

concentration of 0.25 wt %. The initial increase in 
yield stress might indicate hydrogen strengthening in 
this alloy. At higher hydrogen concentrations, the 
alloy was so brittle that the specimens fractured before 
any apparently plastic deformation took place. The 
arrow line in Fig. 3 shows the trend of the decrease 
in the yield stress with increasing hydrogen 
concentration. 

3.4. Ef fect  o f  h y d r o g e n  on s u p e r p l a s t i c  
d e f o r m a t i o n  

The true stress~rue strain curves for the superplastic 
deformation ofTi-471021 and Ti 1023 alloys contain- 
ing different hydrogen concentrations are shown in 
Fig. 5. Both alloys showed similar superplastic behav- 
iour and the same hydrogen effects. The entire stress 
level of the superplastic deformation increased with 
hydrogen concentration, indicating the strengthening 
by hydrogen in 13 alloys at elevated temperature. The 
increase in peak flow stress and the variations of 
elongation of the two alloys with hydrogen concentra- 
tion are shown in Figs 6 and 7, respectively. The 
elongation of both alloys slightly decreased initially 
then increased for higher hydrogen concentrations. 
The strain rate sensitivity, m, of the specimens contain- 
ing base hydrogen concentrations were 0.38 and 0.54 
for Ti-471021 and T~1023 during the superplastic 
deformation, respectively. 
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Figure 4 Variation of Vickers' hardness with temperature and 
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Figure 6 Increase in peak flow stress with hydrogen concentration 
for ( - - O )  Ti~471021, and (~D--) Ti-1023. 
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Figure 5 True stress-true strain curves of superplastic deformation 
for both J3-titanium alloys containing different hydrogen concentra- 
tions at 800~ (a) Ti 471021, (b) T%1023. Hydrogen concentra- 
tions (wt %): (a) (O) 0.0062, (D) 0.17, (�9 0.21, (5) 0.40, (Eg) 0.56; (b) 
(�9 0.002S, ([]) 0.31, (8) 0.35, (A) 0.52, ([]) 0.78, (8) 0.82, ([]) 0.95. 

3.5. Microstructure after superplastic 
deformation 

Fig. 8a and b show the optical microstructure of 
Ti-471021 after superplastic deformation at 800~ 
Before the test, grains had the characteristic equiaxed 
appearance of 13-annealed alloys. Significant changes 
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Figure 7 Variations of superplastic elongation with hydrogen con- 
centration for (--O ) Ti~471021, and (__ll__) Ti-1023. 

occurred and the 13 grains became much finer after the 
superplastic deformation. The main change in the 
microstructure was the formation of large amounts of 
subgrains in the 13-phase. The measurement of grain 
size, which is given in Fig. 9, revealed that the 13 grain 
size of the deformed microstructure slightly decreased 
with hydrogen. This suggests that hydrogen causes 
grain refining during the superplastic deformation, 
The decrease in grain size with hydrogen a t  high 
hydrogen concentrations correlated with a slight in- 
crease in the elongation of the alloys during superplas- 
ticity as mentioned earlier. The microstructure and 
substructure of both alloys were also observed using 
TEM. Fig. 10 shows a transmission election micro- 
graph of the subgrain structure in a superplastically 
deformed Ti-471021 specimen containing 0.82 wt % 
hydrogen. The transmission electron micrograph in 
Fig. 11 of Ti-471021 containing 0.0062 wt % hydro- 
gen shows dislocations after superplastic deformation. 
Evidence of hydrides or a-phase could not be found in 
any specimen of either alloy. This indicates tlae in- 
crease in flow stress resulted from the strengthening 
effect of hydrogen, rather than the strengthening due 
to other phases. 

Previous work [20, 21] has reported that [}-titanium 
alloys with large grain size exhibit superplasticity 



Figure lO Transmission electron micrograph of Ti 1023 containing 
0.82wt% hydrogen after deformation at 800°C. This shows 
the sub-grain boundary networks formed during superplastic 
deformation. 

Figure 8 Optical micrographs of longitudinal sections from the 
deformed gauge of a Ti-471021 sample after superplastic deforma- 
tion, showing development of subgrain structure: (a) H = 0.21 wt %, 
(b) H = 0.56 wt %. The testing temperature was 800 °C 
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Figure 9 [3-phase grain size of Ti 471021 as the function of hydro- 
gen concentration after superplastic deformation at 800°C: (O) 
deformed region, ( i )  undeformed region. 

under certain conditions. Different superplastic 
deformation mechanisms were proposed for large- 
grained )3 alloys (with the grain size of 100 gm) com- 
pared to the mechanisms proposed for ~ + 13 alloys 
with the grain size range of 5-10 gm. Hammond and 
co-workers [20, 21] reported that subgrain structure 
was formed at an early stage during superplastic de- 

Figure 11 Transmission electron micrograph ofTi-471021 contain- 
ing 0.0062 wt % hydrogen after superplastic deformation at 800 °C, 
showing dislocation configuration. 

formation in the 13-phase region, and remained as the 
deformation proceeded. The formation and migration 
of subgrain boundaries, which was probably con- 
trolled by dislocation generation and climb mecha- 
nisms, maintained an equiaxed grain structure during 
the superplastic deformation in the 13-phase region 
[-20, 21]. In this work, the examination of microstruc- 
ture revealed similar microstructural characteristics in 
the superplastically deformed Ti-471021 and Ti-1023 
with and without hydrogen. 

Hydrogen was either in interstitial solid solution or 
trapped at various defects such as dislocations, grain 
boundaries and inclusions in titanium alloys. The 
presence of hydrogen caused strengthening of the 
alloys due to the interaction between hydrogen and 
dislocations. In addition, the interaction between 
hydrogen and grain boundaries inhibited grain- 
boundary slip and grain migration. The solution 
strengthening effect was responsible for both the net 
increase in each flow stress curve and the increase in 
peak stress with increasing hydrogen concentration. 
For each curve the high level was largely retained 
during deformation due to the fact that the hydrogen 
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had very high diffusivity in 13-titanium at elevated 
temperatures. 

4. Discussion 
As can be seen in Fig. 3, hydrogen effected little 
change in strength but seriously impaired the ductility 
of Ti-471021 alloy at room temperature. Comparison 
of the variation in the strength with hydrogen at room 
temperature and at elevated temperature indicated 
different effects on the tensile properties of [3 alloy. At 
room temperature, hydrogen embrittlement of [3- 
titanium occurred. The solid solution strengthening of 
hydrogen was not as strong as at elevated temperature 
because the alloys were so embrittled that the speci- 
mens fractured before the apparently plastic deforma- 
tion. This occurred both at medium and high 
hydrogen concentrations. Therefore, the interaction 
between hydrogen and dislocations did not take place 
to a significant extent. At elevated temperature, the 
elongations for fracture of both alloys initially de- 
creased slightly and then increased with hydrogen 
concentration to surpass the levels for the specimens 
with the base hydrogen concentrations. Solid solution 
strengthening by interstitial atom interactions with 
dislocations in the alloys are comprised of three com- 
ponents [22]: the elastic interaction, electric interac- 
tion and chemical interaction (Suzuki interaction). Of 
these interactions, the electric interaction is relatively 
insensitive to temperature and remains, in effect, at 
abom 0.6 Tm [23]. 

The increase in the flow stress with hydrogen in 
[3-titanium alloys was attributed to the equilibrium 
solute concentration near a dislocation which is given 
by the equation [24] 

C = Co exp (U/kT) (1) 

where Co is the average concentration and U is the 
interaction energy between solute and dislocation. At 
a given temperature, C increases with Co. Therefore, 
the increase in C causes flow stress increase during the 
deformation process. The equation also indicates that 
for a given solute, the magnitude of the interaction of 
solute and dislocation increases with increasing solute 
concentration [24]. 

As shown in Fig. 5b, the presence of hydrogen re- 
sulted in the appearance of a flow peak in the tests 
of Ti-1023 containing different hydrogen concentra- 
tions. The flow peak did not appear in the control 
sample containing the base hydrogen concentration. 
In Ti 471021, the flow peak was enhanced by hydro- 
gen. In the present study, the increase of peak flow 
stress was due to the interaction between hydrogen 
atoms and dislocations. Vijayshankar and Ankem 
[25] have reported a flow stress peak and a follow- 
ing abrupt drop off in high-temperature tensile 
deformation behaviour of Ti-Mn and Ti-V 
alloys. Their results indicated some types of disloca- 
tions-solute atoms interaction in binary titanium 
alloys. 

Costa et al. [14, 15] classified the effects of hydrogen 
on titanium alloys into two categories, i.e. "intrinsic" 
effects and "indirect" effects. The "intrinsic" effects of 
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hydrogen were independent of microstructural modifi- 
cation, and directly influenced the lattice of 13-tita- 
nium, while the "indirect" effects were attributed to the 
changes in microstructure and phases due to the pres- 
ence of hydrogen in titanium alloys. At room temper- 
ature, metastable [3-titanium alloys usually consist of 
other phases beside 13, such as ~, ~" and co in Ti-1023, 
and a and co in Ti~471021 after solid solution treat- 
ment in the [3 region and water quenching. Changes in 
the relative amounts of these phases caused variations 
in the mechanical properties of the alloys. Previous 
studies have reported the "indirect" effects of hydro- 
gen due to its influence on microstructural modifica- 
tions of ~, ~" and c0 phases in Ti-1023 [15], ~ and 
co phases in Ti-20V [18]. It is difficult to separate 
the "intrinsic" and "indirect" effects of hydrogen on 
the tensile properties of 13 alloys after solid solution 
treatment in the [3 region and water quenching, be- 
cause the specific effect of hydrogen on the tensile 
property of a particular alloy also depends on the 
stability of 13 and other phases in the alloys [14]. 
Because the "indirect" effects from other phases such 
as ~, co and hydride were eliminated at elevated tem- 
peratures, the tensile tests at elevated temperatures 
demonstrated the "intrinsic" effect of hydrogen on 
[3-titanium alloys. 

There was no significant solid solution strengthen- 
ing by hydrogen at high concentrations reported in 
[3-titanium alloys due to the significant loss in ductility 
of the alloys as the hydrogen was increased. At high 
hydrogen concentrations, the alloys were so brittle 
that the specimens readily fractured before any per- 
ceptible macro-deformation occurred at room temper- 
ature. Therefore, the interaction of hydrogen and 
dislocations did not take place to a significant extent. 
In the present study, the superplastic tensile tests at 
elevated temperature illustrated the extensive interac- 
tion between hydrogen and dislocations during the 
entire deformation process. 

5. Conclusions 
The effect of hydrogen on mechanical properties 
and superplastic deformation of two commer- 
cial 13-titanium alloys, Ti 4A1-7Mo-10V-2Fe-lZr 
(Ti-471021) and Ti-10V-2Fe-3A1 (Ti-1023), was 
studied for hydrogen concentrations up to 1.3 wt %. 
The elevated temperature hardness of Ti-471021 alloy 
increased with hydrogen concentration. The entire 
stress levels of the superplastic deformation in both 
alloys increased with increasing levels of hydrogen in 
13 phase region. X-ray diffraction and TEM results 
revealed that no evidence of hydrides had been formed 
up to hydrogen concentrations of 1.3 wt %. The in- 
crease in flow stress was mainly due to solid solution 
strengthening by hydrogen, which resulted from the 
interaction between hydrogen and dislocations during 
superplastic deformation. 
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