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Abstract  

The influence of fl-Ti on the hydrogenation properties of FeTi~÷x alloys (0.1 ~<x~<0.5) 
was investigated. The surface morphologies and chemical compositions before and after 
hydrogenation were examined. From the cracking features of the surfaces and X-ray 
diffraction analysis, it was concluded that the hydride of fl-Ti was formed prior to 
hydrogenation of the FeTi matrix in these alloys. Formation of Till2 induced cracking 
into the FeTi matrix. Hydrogen was then transported through the cracks and absorbed 
by FeTi. Therefore, activation treatment was not required. In addition, the rate of hydrogen 
absorption of these alloys in the first few cycles was faster than that of FeTi~o. The 
difference in the kinetics of the first hydrogenation cycle of these alloys can be explained 
on the basis of the amount and distribution of the eutectic strips. 

1. I n t r o d u c t i o n  

Hydrogen  can be used as an ideal fuel for  its high efficiency and non- 
pollution or as a subs tance  for  many  types  of  energy  convers ion.  In mos t  
cases,  hydrogen  is s tored as a compres sed  gas  or  c ryogenic  liquid. However,  
the safety and cos t  of  this s torage  are often the main  conce rns  for its practical  
uses. Therefore,  hyd rogen  s tored as a metal  hydride has  become  more  
promis ing  recently because  o f  its unique features.  

I ron and t i tanium form two known stable intermetall ic compounds ,  FeTi 
and Fe2Ti [1 ]. Fe2Ti does  not  absorb  hydrogen,  whereas  FeTi was repor ted  
by Reilly and Wiswall [2] to react  readily with hyd rogen  to form two hydrides,  
FeTiH and FeTiH2. These hydr ides  may  easily d e c o m p o s e  and are useful as 
hydrogen  s torage  media.  However ,  the virgin c o m p o u n d  of  FeTi reacts  very 
slowly with hydrogen  at room tempera tu re  even at high hyd rogen  pressures.  
A h igh- tempera ture  heat  t r ea tment  is required in o rder  to activate the sample  
to absorb  hydrogen  at r o o m  tempera ture .  

Al though the mechan i sm of  act ivat ion has been  invest igated extensively 
[3 - 10 ] ,  it is still no t  comple te ly  unders tood.  It is general ly  acknowledged  
that  the activation of  FeTi is c o m p o s e d  of  two steps. The first s tep is a heat  
t rea tment  which r emoves  the surface  oxide film, and the second  s tep involves 
the hydrogen  a b s o r p t i o n - d e s o r p t i o n  cycl ing which genera tes  new clean 
surfaces  by cracking  of  the compound .  Lee et  al .  [ 1 1 - 1 3 ]  have studied the 
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hydriding kinetics of activated FeTi. They reported that the initial rate of 
hydrogen absorption was controlled by chemisorption of the hydrogen mol- 
ecules on the FeTi surface and the rate of later stage was controlled by 
hydrogen diffusion in the hydride layer. 

The reversible transfer capacity of hydrogen in FeTi is decreased sig- 
nificantly with the hydrogenation and dehydrogenation cycles in the presence 
of other gases in hydrogen [ 14 ]. However, when a small amount of manganese 
is substituted for iron, the activation is promoted, the resistance to impure 
gases is enhanced, and the hydrogen storage capacity can be maintained 
[14]. In addition, it has also been reported that modified FeTi containing 
an additional ternary element does not need any special treatment prior to 
hydrogenation [ 15]. Although the influence of partial substitution of iron in 
FeTi by some other 3d transition metals has been widely investigated for 
some years, the cause for the effect is still not well understood. 

Mizuno and Morozumi [16] have found that hydrogenation of titanium- 
rich alloys FeTil+x (0 < x <  1) occurs without any activation treatment and 
the surface sensitivity to poisoning by impurity gases can be reduced. 
Matsumoto et al. [17] have also reported that excess titanium enhances the 
activation of FeTi and that the formation of fl-Ti hydride occurs prior to 
hydrogenation of the FeTi phase in the alloys. Owing to the large volume 
expansion of ~-Ti during hydrogenation, a large number of cracks are created 
in the alloys and a highly reactive FeTi surface is obtained. 

In this study, the hydrogenation of several FeTil ÷x alloys containing ~- 
Ti is investigated in more detail. The hydrogen absorption curves were 
compared. The microstrnctures, especially the morphologies of the specimen 
surfaces before and after hydrogenation, were carefully examined. The dif- 
ference in the hydrogen absorption kinetics for these alloys was correlated 
with their compositions and microstructures. 

2. Exper imenta l  details  

Pure powders of iron (purity, 99.9 wt%) and titanium (purity, 99.5 wt%) 
were used as the starting materials. Compounds of FeTil+x with x=O, 0.1, 
0.2, 0.3, 0.4 and 0.5 were prepared in an arc furnace under an argon 
atmosphere. The ingots were turned and remelted five times during the arc- 
melting in order to homogenize the samples. No further annealing or ho- 
mogenization of these alloys was conducted. All the alloys were quite brittle 
and could be easily pulverized into granules. They were crushed in an ambient 
atmosphere and only powders of ÷ 20 to - 5 0  mesh were selected for the 
hydrogenation experiments. Before the experiment, the compounds were 
analyzed by powder X-ray diffraction (XRD). 

The hydrogen absorption-desorption behavior was investigated using a 
high-pressure volumetric system [18]. For each run, approximately 7 g of 
powder was placed in the reactor vessel. One end of the reactor was provided 
with a thermocouple connector. The other end was connected by a 6.35 
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mm stainless steel tube to a high-pressure valve, which was then connected 
to the high-pressure manifold. The manifold had several 6.35 mm stainless 
steel tubes connecting to a pressure transducer,  two vacuum gauges, and 
three high-pressure gas reservoirs. For reactions at T<  80 °C, a water bath 
was used to maintain the temperature  with an accuracy of 0.2 °C. For the 
activation treatment, the reactor  was heated with a small electric furnace. 

Of the alloys studied here, only FeTil o needed to be activated. To activate 
FeTid.o, the reactor  was first loaded with the sample, evacuated for about 
30 min at room temperature  and then 0.5 MPa of hydrogen gas (at least 
99.99% pure) was admitted to the reactor. The reactor  was heated to 400 
°C for about 30 rain and then cooled to room temperature.  There was usually 
a slight drop in hydrogen pressure due to some absorption of hydrogen by 
the sample. After the activation, kinetics study of the alloy was started. The 
reactor  was evacuated for about  30 min before introducing 4.0 MPa of 
hydrogen for the absorption experiment.  The pressure change of hydrogen 
was recorded as a function of  time. 

The other  samples did not need activation and were directly exposed 
to hydrogen at 4.0 MPa after the reactor  had been evacuated for about 30 
min. The hydrogen absorption curves (pressure v s .  time) were obtained at 
30 °C. 

The microstructures of the powder samples before and after hydrogenation 
were examined by optical metallography and scanning electron microscopy 
(SEM). The composit ions in the areas of interest were obtained by energy 
dispersive X-ray (EDX) analysis. The phases in the samples before and after 
hydrogenation were analyzed by XRD. 

3.  R e s u l t s  

The optical micrographs of five alloys of FeTil +~ are shown in Fig. 1. 
XRD analysis showed that both FeTi and fl-Ti were present  in these alloys. 
From the EDX analysis the matrix was identified to be the FeTi phase, 
whereas the strip regions were the eutectic mixture of FeTi and /~-Ti. As 
the ratio of Ti/Fe increased, the content  and width of the eutectic increased, 
whereas the size of  the enclosed FeTi decreased. 

For these alloys, hydrogen was readily absorbed without activation. 
Figure 2 shows the absorption rates for the unactivated alloys at 30 °C under 
an initial hydrogen pressure of 4.0 MPa. The hydrogen absorbed in each 
alloy [H] is normalized with respect  to its saturated hydrogen content [Hs]. 
After a period of incubation, the hydrogen absorption rate gradually rises 
and then increases rapidly. The rate slows down again before approaching 
the saturated hydrogen content. 

After one cycle of hydrogenation and dehydrogenation, the hydrogen 
absorption rates for  these alloys became very rapid (saturation of hydrogen 
was completed in 200 s). For  example, the hydrogen absorption curve for 
the second cycle of FeTil.2 at 30 °C is shown in Fig. 3(a). In contrast to 
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(a) (b) 

(c) (d) 

(e) 
Fig. 1. Optical micrographs of the FeTil +x alloys. (a) FeTil.l, (b) FeTil.e, (c) FeTil.3, (d) FeTiL4, 
mad (e) FeTil.~. 

the FeTil +~ alloys, the alloy with Fe/Ti--1.0 needed repeated activation 
treatment several times before hydrogen absorption was initiated. Even after 
the alloy had been activated, the hydrogen absorption rates in the first few 
cycles remained slow and saturation of the alloy with hydrogen was never 
completed. Figure 3(b) shows eight successive hydrogen absorption curves 
of FeTil.o after the activation treatment. All these hydrogenation cycles were 
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Fig. 2. Initial hydrogen absorption curves of the unactivated FeTid+, alloys at 30 °C and 4 
MPa of H 2. 
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Fig. 3. (a) Hydrogen absorption curve for the second cycle of FeTil. 2 at 30 °C. (b) Hydrogen 
absorption curves for various cycles of activated FeTid.0 at 30 °C. 

started with 3.3 MPa of H2. Saturation of hydrogen in FeTil.0 was reached 
only after it had been charged and discharged for about ten cycles. The 
rates of hydrogenation after the tenth cycle became faster and comparable 
with that of the second cycle of FeTiL2. 
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The surface morphologies of the hydrogenated alloys at various stages 
were examined by SEM. For example, Fig. 4(a) shows the micrograph of 
FeTil 3 after it has been exposed to hydrogen for 2 h, corresponding to the 
point indicated by an arrow on the curve of FeTil.3 in Fig. 2. Some cracks 
were already present. As the hydrogenation continued, an increasing number 
of cracks were induced. Figure 4(b) shows a micrograph of the same alloy 
after the hydrogenation has been completed. Many more cracks were observed. 
Within the large primary cracks around the edge of the micrograph, there 
are medium-sized cracks branching from them. Within these medium-sized 
cracks, there are still even smaller branched cracks. The chemistries of the 
regions around the cracks were analyzed by EDX. It was found that the 
regions around the large and medium-sized cracks were titanium-rich, whereas 
those around the smaller cracks had higher ratio of Fe/Ti, as compared in 
Fig. 5. The crack morphology can be compared with the optical micrograph 
of  the virgin alloy (Fig. 1 (c)) or more precisely with the SEM micrograph 
of the etched surface before hydrogenation (Fig. 4(c)). It is seen that the 
large and medium-sized cracks follow the paths of the eutectic strips. The 
size and shape of the area enclcsed in these cracks are about the same as 
those of the FeTi phase. The XRD patterns of the alloy taken before and 

(a) (b) 

(c) 
Fig. 4. SEM micrographs of FeTil.3: (a) exposed to hydrogen for 2 h; (b) after one cycle of 
hydrogenation; (c) etched surface before hydrogenation. 
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Fig. 5. EDX s p e c t r a  of  the  a r e a s  a r o u n d  (a)  the  p r i m a r y  c r acks  and  (b)  the  sma l l e r  c r a c k s  
for FeTid. a. 

after hydrogenation (Fig. 6) reveal that the ~-Ti peaks have disappeared but 
some new diffraction lines corresponding to the titanium hydride are present 
after the cycling. All these observations imply that the large and medium- 
sized cracks are formed due to the hydrogenation of ~-Ti, whereas the smaller 
cracks are generated due to the formation of FeTiH~. 

When the FeTi1÷~ alloys have been subjected to an increase in the 
number of hydrogenation cycles, the surface features remain essentially 
unchanged. The surface morphologies for FeTiLa and other alloys after 20 
cycles of hydrogenation are shown in Figs. 7(a)-(d). When the morphology 
in Fig. 7(b) is compared with that in Fig. 4(b), similar cracking features are 
observed for FeTiLa. The SEM micrographs for the FeTi~+~ alloys can be 
compared with each other and with the optical micrographs of the corre- 
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Fig. 6. XRD patterns for FeTij. a (a) before and (b) after hydrogenation at 30 °C. 

sponding virgin alloys (Fig. 1). Again, the paths of the larger cracks follow 
the eutectic strips. However, it is noted that the average size of these cracks 
decreases as x increases. The reason for this will be discussed in the next 
section. 

4. D i s c u s s i o n  

From the Fe-Ti binary phase diagram [ 1 ], the FeTi phase is homogeneous 
in the composition region 0.99~<Ti/Fe< 1.08 (atomic ratio) at room tem- 
perature. If the composition is slightly deficient in titanium (i.e. Ti/Fe < 0.99), 
Fe2Ti will form. The presence of F%Ti is undesirable because it does not 
absorb hydrogen and is useless for hydrogen storage purposes [2]. However, 
ff the composition is slightly enriched with titanium (Ti/Fe > 1.08), a- or fl- 
Ti will precipitate. 

Matsumoto et  al.  [17] have investigated the hydrogenation properties 
of alloys containing FeTi and fl-Ti by using the in  s i t u  X-ray diffraction 
technique. From the change in the X-ray spectra, they proposed that the 
hydrogenation of fl-Ti had occurred prior to hydrogenation of FeTi in the 
alloys. From Fig. 6, the titanium hydride could be indexed according to an 
f.c.c, lattice with a - -0 .443  urn, whereas ~-Ti was indexed according to a 
b.c.c, lattice with a - -0 .323  nm [17]. The change in volume of ~-Ti after 
hydrogenation was about 30%. Therefore, it is evident that the formation 
of titanium hydride would create a large number of cracks in the alloys. 
Since titanium hydride is more stable than FeTiH=, it is formed prior to the 
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(a) (b) 

(c) (d) 

Fig. 7. SEM micrographs of the alloys after 20 cycles of hydrogenation. (a) FeTid.2, (b) FeTij.:3, 
(c) FeTil.4, and (d) FeTil. 5. 

hydrogenation of the FeTi phase and persists in air for a long period of 
time. 

The cracking features, EDX and XRD analyses, along with the in  s i tu  
X-ray diffraction observation by Matsumoto et al. [17], suggest that the 
hydrogenation of FeTil +x alloys occurs in the following sequence: 

(1) In the initial stage of hydrogenation, the formation of titanium hydride, 
Till2, occurred first. The hydride was dispersed on the surface and might 
also penetrate into the particle. 

(2) The large volume expansion of fl-Ti during hydrogenation caused 
cracking along the eutectic strips and also induced smaller cracks in FeTi. 
New fresh surface of FeTi was continuously created during the hydrogenation 
of fl-Ti. 

(3) Hydrogen was absorbed by the new fresh surfaces of FeTi. The 
titanium hydride provided preferred path for fast hydrogen penetration into 
FeTi. Hydrogen entered FeTi by diffusion through the interior interface 
between the titanium hydride and FeTi. 

The sequence of this process enables the FeTi~ +x alloys to absorb 
hydrogen without activation. With this process in mind, it is now appropriate 
to examine the difference in the initial hydrogen absorption kinetics for the 
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FeTi, +x alloys. In Fig. 2, the initial hydrogen absorption rate of unactivated 
FeTi,., is slower than those of FeTil.2 and FeTil.3. This can be explained by 
the micrographs of the FeTi, +x alloys in Fig. 1. The amount of fl-Ti in FeTil ~ 
is less than that in FeTi,.2. Therefore, the fl-Ti dispersed on the surface layer 
generates fewer cracks in FeTi,., than in FeTi,.2. This leads to a slower 
hydrogenation rate for FeTiLl. However, when the amount of fl-Ti further 
increases, the rate of hydrogen absorption is found to slow down. Too much 
fl-Ti present in the FeTi, +x alloys becomes deleterious for the hydrogenation 
in the first cycle. This peculiar behavior is examined and explained as follows. 

From the optical micrographs of Fig. 1, the eutectic strips consist of 
fl-Ti and FeTi phases. The FeTi phase is present as small islands in the 
matrix of fl-Ti. The fraction of the eutectic in the FeTi, +x alloys increases 
with x. In FeTiL2, the three-dimensional networks of eutectic are rarely seen 
except in some localized regions. Whereas in FeTiLa, FeTi,.4 and FeTi,.5, 
increasing numbers of three-dimensional networks are formed. The eutectic 
strips also become successively broader. 

When these alloys are exposed to hydrogen, the hydrogen is preferentially 
absorbed by the fl-Ti phase at first, owing to its higher stability. Formation 
of Till2 causes volume expansion and induces cracks along the eutectic 
strips. When the amount of fl-Ti is small, the cracks will soon reach to the 
eutectic boundary. Since FeTi is very brittle, crack arrest by FeTi does not 
occur and further cracking into the FeTi phase is expected. However, when 
the amount of fl-Ti is high, the cracks will propagate predominantly within 
the eutectic. As fl-Ti is more ductile, the propagation of these cracks is 
slower and more difficult. There iS less cracking into the FeTi phase. 

The cracking process and hydrogenation kinetics of these alloys in the 
initial stage can be explained schematically by Fig. 8. The cross-section 
microstructures of FeTil.2 and FeTi,.5 before hydrogenation are compared 
in Fig. 8(a). When they are exposed to hydrogen, some cracks begin to 
form in the eutectic (Fig. 8(b)). Since the eutectic strips are short and 
discontinuous in FeTiL2, the cracks soon propagate into the FeTi matrix and 
hydrogen may be transported through the crack and absorbed by the fresh 
surfaces. However, for FeTi,.~ cracking through ~-Ti is more difficult and 
more restricted. As there are more eutectic strips in this alloy, the volume 
change is greater and therefore more cracks are formed simultaneously. The 
crack width becomes smaller on average. The greater strain in the matrix 
also induces a higher compressive stress at the crack tips. Therefore, the 
cracking rate is lower than that in FeTi,.2 (Fig. 8(c)). As hydrogenation 
continues, for FeTiL2, increasing cracks are induced in the FeTi matrix and 
therefore more hydrogen is absorbed by this phase, whereas  for FeTil.5, 
within the same period of time, cracking is primarily restricted within the 
eutectic (Fig. 8(d)). 

As illustrated by this model, the average size of the primary cracks will 
decrease as the amount of eutectic increases. The sizes of the primary cracks 
in various alloys can be compared and distinguished by Fig. 7. As the surface 
after 20 cycles of hydrogenation is essentially the same as that after the 
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Fe Til. 2 FeT il. 5 

Fig. 8. Schematic comparison of hydrogen absorption and cracking process in the early stage 
for FeTid.2 and FeTi,.5: (a) Cross sections of the alloys before hydrogenation; (b) Hydrogen 
is preferentially absorbed by fl-Ti, causing some small cracks in the eutectic; (c) Cracking 
into the FeTi matrix has occurred in FeTil.2 and more hydrogen is absorbed, but the cracks 
in FeTil.~ remain in the eutectic; (d) More cracks are generated in the FeTi matrix of FeTid.2. 
In FeTi3.5, some smaller cracks are also induced in the matrix, 

f i rs t  c y c l e ,  t h e s e  m i c r o g r a p h s  c a n  b e  u s e d  to  c o m p a r e  t h e  c r a c k  s ize  a f t e r  
t h e  f i r s t  h y d r o g e n a t i o n  is  c o m p l e t e d .  I t  is  s e e n  t h a t  t h e  s ize  o f  p r i m a r y  c r a c k s  
i n d e e d  d e c r e a s e s  a s  x i n c r e a s e s .  

In  t h e s e  m i c r o g r a p h s ,  i t  is  a l s o  o b s e r v e d  t h a t  s o m e  s m a l l  w h i t e  f l a k e s  
a r e  p r e s e n t  o n  t h e  s u r f a c e ,  m o s t  o f  t h e m  b e i n g  n e a r  t h e  p r i m a r y  c r a c k s .  
EDX a n a l y s i s  s h o w s  t h a t  t h e y  c o n t a i n  s l i g h t l y  m o r e  t i t a n i u m  t h a n  t h e  b u l k .  
I t  is  s u s p e c t e d  t h a t  t h e y  a r e  t h e  F e T i  p a r t i c l e s  o r i g i n a l l y  p r e s e n t  w i t h i n  t h e  
e u t e c t i c  s t r i p s .  D u r i n g  h y d r o g e n a t i o n ,  s o m e  o f  t h e m  e m e r g e d  f r o m  i n s i d e  
t h e  p r i m a r y  c r a c k s  a n d  w e r e  l e f t  o n  t h e  s u r f a c e  a f t e r  t h e  o r i g i n a l  p a r t i c l e s  
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had been pulverized into smaller granules. It is also noted that after hydro- 
genation, FeTil.5 remained fairly tough, whereas FeTiL2 could be further 
pulverized to even smaller granules quite easily. Again this is owing to the 
increased presence of fl-Ti in FeTid5. 

5. Summary 

Six alloys of FeTil+x (x=O to 0.5) were prepared and the hydrogen 
absorpt ion-desorpt ion properties were investigated. The alloys with excess 
titanium consisted of  the FeTi matrix and eutectics of  ~-Ti and FeTi. When 
they were exposed to hydrogen, titanium hydride formed first. The large 
volume expansion of fl-Ti during hydrogenation created large primary cracks 
along the eutectic strips and also induced many smaller cracks in FeTi. The 
clean surfaces generated in FeTi enabled the FeTil +x alloys to absorb hydrogen 
without the activation treatment. The kinetics of the first hydrogenation cycle 
of these alloys was controlled by the number  and distribution of the eutectic 
strips. 
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