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Abstract  

A (TiAl)Hx hydride which has a tetragonal crystal structure with lattice parameters a =0.452 nm and c=0.326 nm (c/ 
a =0.721) has been observed in Ti-42Al, Ti--45AI and Ti-50A1 (at.%) two-phase (Ti3AI (az)+TiAl (3')) titanium aluminides 
by cathodic charging in a 5% H z S O  4 solution. Cracks or pits are also observed within the 3' phase regions in the two-phase 
(c~2+3/) coexisting grains (such as lamellar grains) but not within the a2 phase or single 3' grains. Weights of the samples 
decrease with increasing charging time owing to the crack or pit formation, and this is more drastic in the Ti-50Al alloy than 
in the Ti--42A1 and Ti--45AI alloys. The hydride is thermally stable at temperatures up to about 550 K (277 °C) and dissociates 
completely at temperatures between 673 K (400 °C) and 723 K (450 °C). 

Keywords: Hydride formation; Ti tan ium aluminides; Cathodic charging 

1. Introduction 

Intermetallic titanium aluminides have attractive spe- 
cific properties including strength at elevated temper- 
atures and creep resistance [1]. The focus of effort to 
develop titanium aluminides for high temperature ap- 
plications has been improved ductility and toughness 
at room temperature as well as oxidation property at 
elevated temperatures [2]. 

Recently considerable effort has been directed to- 
wards determining the hydrogen susceptibility of Ti3A1 
(~2) and TiA1 (y), because these alloys have potential 
applications in aircraft and spacecraft components. 
Hydrogen is known to cause embritt lement in many 
alloys, and several titanium aluminides are also reported 
to be susceptible to hydrogen embrittlement. For in- 
stance, it was recently reported for a T i -24Al - l lNb  
(at.%) alloy (a2-based alloy) that the yield strength 
increased with increasing amount of hydride but the 
ultimate tensile strength, ductility and fracture tough- 
ness decreased [3]. 

We have already reported that a hydride phase based 
on (TiA1)Hx, which has a tetragonal crystal structure 
with lattice parameters a = 0.452 nm and e = 0.326 nm 
(c/a=0.721), formed in a Ti-42A1 (aZ"~'y two-phase) 
alloy during cathodic charging, and charging-induced 

damage such as cracking on the sample surface was 
also observed [4]. However, it was difficult at that time 
to find a microstructural dependence on the hydride 
or crack formation. Thus we investigate in this paper 
the effect of microstructure (a2 and y) on the formation 
of hydride and charging-induced damage. The thermal 
stability and dissociation process of the hydride are 
also investigated. 

2. Experimental procedure 

The materials used for this study were Ti-42A1, 
Ti-45A1 and Ti-50A1 (at.%) alloys which were arc 
melted in an argon gas atmosphere. All ingots were 
wrapped in tantalum foils and the Ti-42A1 alloy was 
homogenized at 1273 K for 604.8 ks (168 h), the Ti-45A1 
alloy at 1673 K for 14.4 ks (4 h) and then annealed 
at 1373 K for 1.8 ks (0.5 h), and the Ti-50Al alloy at 
1673 K for 14.4 ks (4 h) in an argon gas atmosphere. 
All ingots were cooled in a furnace under an argon 
gas flow after heat treatment. Samples of dimensions 
10 × 10 x 1 mm 3 were cut from the ingots, mechanically 
ground with #1200 emery paper and then polished. 
Hydrogen charging was performed cathodically at room 
temperature  using platinum counter-electrodes in a 5% 
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n 2 s o  4 solution. The current density was maintained 
at a constant 5 kA m -2 and the charging time was 
varied from 1.8 ks (0.5 h) to 14.4 ks (4 h) to control 
the hydrogen content in the samples. 

The samples before and after hydrogen charging were 
examined by a Jeol JDX-3530 X-ray diffractometer with 
Cu Ka radiation operated at 40 kV and 40 mA. The 
sample surfaces were also observed by an analytical 
scanning electron microscope ABT DS-130C operated 
at 15 kV. Sample weights before and after hydrogen 
charging were measured by an analytical balance. 

3. Results 

3.1. Microstructures before hydrogen charging 

The X-ray diffraction profiles of the Ti-42A1, Ti-45AI 
and Ti-50AI alloys before hydrogen charging are shown 
in Figs. l (a)- l (c)  respectively. These X-ray profiles 
were obtained under rotation of the samples during 
X-ray diffraction measurement to eliminate a diffraction 
effect from preferred orientations of the samples. The 
201a2 diffraction intensity decreases with increasing 
aluminium content compared with the 0 0 2 a 2 + l l l y  

combined diffraction intensities, which indicates that 
the ratio a2/3" decreases with increasing aluminium 
content. 

The typical microstructures of the three alloys are 
shown in Fig. 2. The Ti-42A1 and Ti-45A1 alloys show 
a lamellar structure which consists of alternating plates 
of the a2 and 3" phases, but the mean size of the 
lamellar grains in the Ti-45A1 alloy is much larger than 
that in the Ti-42A1 alloy. The microstructure of the 
Ti-50A1 alloy exhibits some equiaxed 3' grains and 
grains consisting of a2 laths sandwiched by 3' bands. 
Gao et al. called this kind of microstructure a mixture 
of lamellar and Widmanst~itten structures [5]. 

3.2. Hydride formation 

As mentioned earlier, we have already reported that 
a (TiA1)Hx hydride with a tetragonal crystal structure 
formed in the Ti-42AI alloy. X-Ray diffraction results 
for the Ti--45AI and Ti-50A1 alloys as well as the 
Ti-42A1 alloy before and after hydrogen charging are 
shown in Fig. 3. New diffraction peaks are also observed 
for the Ti-45A1 and Ti-50A1 alloys and the values of 
the diffraction angles (20) for these new peaks are 
exactly the same as those of the Ti--42A1 alloy, indicating 
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Fig. 1. X-Ray diffraction profiles of  (a) Ti--42A1, (b) Ti-45AI and 
(c) Ti-50AI alloys before hydrogen charging. 

Fig. 2. Typical microstructures of  (a) T i~2AI ,  (b) Ti-45A1 and (c) 
Ti-50AI alloys before hydrogen charging. 
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Fig. 3. X-Ray diffraction profiles of Ti-42AI alloy (a) before charging 
and (b) after charging for 7.2 ks, Ti-45AI alloy (c) before charging 
and (d) after charging for 7.2 ks, and Ti-50AI alloy (e) before 
charging and (f) after charging for 7.2 ks. 
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Fig. 4. Sample weight variations during hydrogen charging. 

that the same kind of hydride as formed in the Ti~2A1 
alloy is also observed in the Ti-45A1 and Ti-50A1 alloys. 
Details of the X-ray diffraction data for the hydride 
formed in the Ti-42AI alloy have already been described 
[4]. 

The weight variations of the samples during cathodic 
charging are shown in Fig. 4. The probable errors, 
which may be due to an inhomogeneous hydrogen 

distribution on the sample surfaces during cathodic 
charging, increase with increasing charging time. How- 
ever, it is suggested that the weight losses of the Ti-42A1 
and Ti-45A1 alloys are almost the same after a given 
charg ing  t ime,  w h e r e a s  the  w e i g h t  loss  o f  the  T i - 5 0 A 1  

alloy is much larger than those of the Ti--42A1 and 
Ti-45AI alloys. The results of scanning electron mi- 
croscopy (SEM) observation and energy-dispersive X- 
ray (EDX) analysis for the Ti-45A1 alloy are shown 
in Fig. 5. Cracks were observed within the lamellae 
after hydrogen charging for 3.6 ks (Fig. 5(b)) compared 
with the sample before charging (Fig. 5(a)). On the 
sample surface after hydrogen charging for 14.4 ks (Fig. 
5(c)), the cracks change morphologically into pits, which 
seem to be geometrically similar to those caused by 
pitting corrosion, along and within certain lamellae. 
The EDX results (Fig. 5(d)) indicate that the lamellac 
with cracks or pits are aluminium rich, whereas the 
undamaged lamellae are titanium rich. This means that 
the surface damage (cracks or pits) is observed in the 
y phase but not in the o{ 2 phase. From SEM observation 
and EDX analysis of the Ti-50AI alloy (Fig. 6), cracks 
are also observed within two-phase (c~2+ y) coexisting 
grains but not within equiaxed single y grains. Fur- 
thermore, the EDX results (Fig. 6(d)) also indicate 
that the damaged regions are somewhat enriched in 
aluminium compared with the undamaged regions. This 
suggests that the surface damage in the Ti-50A1 alloy 
is observed in the y phase in two-phase coexisting grains 
but not in the c~2 phase or single y grains, which agrees 
fairly well with the results for the Ti-45A1 alloy. 

3.3. H y d r i d e  d i s soc ia t ion  

The hydride phase formed in all alloys in this study 
is similar in crystal form, so the hydride dissociation 
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Fig. 5. Surfaces o f  T i ~ , 5 A 1  al loy (a)  be fo re  charging,  (b)  a f te r  charg ing  

f o r  3.6 ks and (c) a f te r  charg ing fo r  14.4 ks, and (d)  E D X  results 

f o r  r e g i o n s  m a r k e d  in (b) .  
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Fig. 6. Surfaces of Ti-50AI alloy (a) before charging, (b) after charging 
for 3.6 ks and (c) after charging for 14.4 ks, and (d) EDX results 
for regions marked in (c). 
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Fig. 7. High temperature X-ray diffraction profiles of Ti-50A1 alloy 
after hydrogen charging for 7.2 ks. 

process during heating was examined with the Ti-50A1 
alloy. The results of in situ high temperature X-ray 
diffraction measurement for the Ti-50A1 alloy after 
hydrogen charging for 7.2 ks are shown in Fig. 7. 
Heating of the sample to a temperature of 773 K was 
performed with a high temperature attachment under 
an argon gas flow. The X-ray diffraction peaks cor- 
responding to the hydride phase become weaker with 
increasing heat temperature and disappear at temper- 
atures between 673 and 723 K, when the weak diffraction 
peaks corresponding to the matrix (a2+3,) reappear. 
The temperature variations of the two strongest dif- 
fraction intensities of the hydride (111 and 101) are 
shown in Fig. 8. Both integrated intensities almost do 
not change from room temperature to about 573 K 
but start to decrease at temperatures above 573 K. 
This indicates that the hydride phase is thermally stable 
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Fig. g. Temperature variations of X-ray integrated intensities of 
hydride formed in Ti-50A1 alloy. 
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Fig. 9. Changes in lattice parameters and associated crystal volume 
of hydride during heating. 

at heating temperatures up to 573 K but starts to 
dissociate at temperatures above 573 K and dissociates 
completely at temperatures between 673 and 723 K. 
Figure 9 shows the temperature variations of the lattice 
parameters and the associated lattice volume of the 
hydride. The a axis of the hydride lattice expands at 
temperatures up to about 573 K while the c axis shrinks, 
and as a result the volume of the hydride lattice increases 
with increasing temperature up to 573 K. 

4. Discuss ion  

Several hydride phases have been reported to form 
by cathodic charging in titanium aluminides as shown 
in Table 1, in which our data are also included. It is 
recognized that most of the hydrides reported are 
focused on a2-based alloys and fewer on two-phase 
(az + y) alloys or single y alloys. The hydride reported 
in Ref. [11], which formed in a Ti-49.9A1 alloy, seems 
to be the same in crystal structure and chemical form 
as the hydride observed in this study. 
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Table 1 
Summary of reported hydride phases due to cathodic charging 

Hydride Crystal Alloy Charging Remark S Ref. 
structure (nm) condition 

(TiNb)H Ti-24AI-11Nb 1 N H2SO4 HIC [6] 
5 k A m  -2 

3' F.c.t., a == 0.426, c = 0.475 Ti-25AI-10Nb-3V-1Mo 1 N H2SO 4 HIC [7] 
6 F.c.c., a=0.445 1 kA m -2 

(Ti3A1)H H.c.p., a=0.587, c=0.473 Ti-24AI-11Nb 1 N H2SO4 HIC [8] 
0.5-1 kA m -2 

6 F.c.c., a=0.445 Ti-24AI-11Nb 1 N HzSO 4 [9] 
2 k A m  -2 

Ti-24AI-11Nb 0.5 N H2SO4 [10] 
(TiAI)H Tetragonal, a = 0.452, Ti-42A1 5% H2SO4 HIC [4], this study 

c = 0.326 5 kA m 2 

(TiA1)H Tetragonal, a = 0.452, Ti~5A1 5% H2SO4 HIC This study 
c=0.326 5 kA m -2 

(TiAI)H Tetragonal, a =0.450, Ti-49.9AI 1 mol 1 -I  NaOH Single 3' [11] 
c=0.327 0.3 kA m -2 and 7+a2 

(TiAI)H Tetragonal, a =0.452, Ti-50AI 5% H2SO4 HIC This study 
c=0.327 5 k g  m -2 7-{-o'2 

(Ti3AI)H H.c.p., a=0.518, c=0.518 Ti-50A1 pH 0.3, 0.6 N H2SO 4 [12] 
l k A m  2 

~HIC, hydrogen-induced cracking. 

It is widely considered that the a2 phase takes up 
hydrogen much more readily than the 3' phase [13], 
and because of the low terminal solubility of hydrogen 
in the a2 alloys, almost all hydrogen in a precharged 
a2 phase exists as a hydride, whereas the 3, alloys almost 
do not take up hydrogen because of lower hydrogen 
solubility than the a2 alloys [14]. We suggest that these 
considerations are related to gaseous hydrogen phe- 
nomena, which could be different from phenomena due 
to cathodic charging. Our present data on weight vari- 
ations of samples during cathodic charging (Fig. 4) and 
our EDX results (Figs. 5 and 6) suggest that possible 
cracking sites are within the 3, phase in two-phase 
(a2+ 3,) coexisting grains, but no damage is observed 
in the o/2 phase or equiaxed single 3' grains. This indicates 
that the ,/phase in lamellar grains is much more sensitive 
to cathodic charging than the o~ 2 phase or equiaxed 
single 3' grains. We also consider that a hydride with 
the chemical formula (TiA1)Hx would form in/on the 
3, phase, because diffusions of aluminium and titanium 
are limited at room temperature. These results obtained 
by us by cathodic charging seem to be different from 
those obtained by gaseous hydrogen charging. 

From our results, three models for crack or pit 
formation during cathodic charging could be considered 
and these are shown schematically in Fig. 10. The first 
model (Fig. 10(a)) follows the gaseous hydrogen phe- 
nomena which were mentioned above. The a 2 phase 
takes up much more hydrogen than the 3, phase, so 
that the a2 phase easily expands much more than the 
3, phase. As a result, the 3, phase, whose yield strength 
is generally less than that of the a2 phase [14], could 

~'2 Y ~2 
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a 2 Y a2 
(b) 

c~ 2 3 / a 2 
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Fig. 10. Schematic representations of possible models for crack or 
pit formation during cathodic charging: (a) crack formation due to 
expansion of a2 phase; (b) crack formation due to hydride formation 
in 3' phase; (c) pit formation due to galvanic potential difference 
between or2 and 3, phases. 

experience compressive stress due to the expansion of 
the a2 phase, so that cracks could be produced within 
the 31 phase. However, it is difficult for this model to 
explain the hydride formation in/on the 3, phase. The 
second model (Fig. 10(b)) is due to hydride formation 
in the 3, phase. This means that the 3, phase in the 
two-phase coexisting grains takes up much more hy- 
drogen than the a2 phase or single 3, grains, so that 
cracking could easily occur within the 3' phase. It seems 
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for this model that there is a great difference from the 
gaseous hydrogen sorption. However, again we do not 
observe any damage within the equiaxed 3" grains, so 
that complicated interactions during cathodic charging 
could occur only within the 3' phase in the two-phase 
coexisting grains. The third model (Fig. 10(c)) is due 
to a galvanic potential difference between the a2 and 
3' phases in acid solutions. In this model the 0/2 phase 
acts as a noble metal while the 3' phase acts as an 
active (less noble) metal, so that a galvanic potential 
difference between the 0/2 and Y phases would be 
produced. The electrons in the 3" phase move towards 
the 0/2 phase and then titanium or aluminium ions 
dissolve in the acid solutions from the 3" phase, so that 
pits could be produced within the 3' phase. From the 
0/2 phase, gaseous hydrogen would be generated. This 
electrochemical model would be effective in acid so- 
lutions, and a two-phase or chemical compositional 
difference in alloys should be necessary to produce the 
galvanic potential difference, so that this reaction could 
be seen in two-phase alloys only by cathodic charging 
or in acid solutions but could not be seen by gaseous 
hydrogen charging. These three models are all possible, 
but it is difficult at this time to determine which model 
describes the phenomena best. An etching experiment 
in an acid solution is now under way to determine 
whether the third model is effective and the results 
will be reported elsewhere. 

It is considered that the current density for hydrogen 
charging influences the hydrogen distribution and crack 
formation on sample surfaces. The current density 
applied in this study is somewhat higher compared with 
the charging condition shown in Table 1. Hydrogen 
charging with lower current density may also be needed 
for further study. Transmission electron microscopy 
observation of microstructures is now in progress and 
will be reported elsewhere. 

5. Conclusions 

(1) A (TiA1)Hx hydride with a tetragonal crystal 
structure and lattice parameters a=0.452 nm and 
c=01326 nm (c/a =0.721) forms in Ti-42AI, Ti-45A1 
and Ti-50A1 two-phase (0/2+ 3') alloys. 

(2) Hydrogen charging induces crack formation after 
a short charging time, while additional charging produces 

pits within the 7 phase and in two-phase (a2+7) 
coexisting grains but no damage in the 0/2 phase or 
equiaxed single 7 grains. 

(3) Weights of the samples decrease with increasing 
charging time as a result of the crack or pit formation. 
This is more drastic in the Ti-50A1 alloy than in the 
Ti-42A1 and Ti--45A1 alloys. 

(4) The hydride phase is thermally stable at tem- 
peratures up to about 550 K (277 °C) and dissociates 
at temperatures between 673 K (400 °C) and 723 K 
(450 °C). 
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