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Abstract 

Powders of FeTi ball milled with Pd were found to absorb hydrogen in the as-ball-milled state, without activation. This allows a study of 
relaxation effects on hydrogen absorption in nanocrystalline and amorphous FeTi. Hydrogen absorption characteristics (at room temperature) 
for powders in the unrelaxed state and after annealing were determined and compared with those for conventionally activated FeTi. 
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1. Introduction 

Ball-milling involves heavy deformation of the powders 
so that the material as prepared is far from equilibrium and 
contains a high concentration of strain and defects [ 1]. 
Hydrogen absorption of unrelaxed FeTi powders (i.e. in the 
as-ball-milled state) was previously inaccessible to study 
because the samples did not absorb hydrogen without acti- 
vation. A typical activation of polycrystalline FeTi consists 
of annealing at 450 °C under hydrogen at high pressure, 
usually several times [2]. These activation processes are 
sufficient to relax out strains and defects. However, an 
enhancement in hydrogen absorption of FeTi can be accom- 
plished by the catalytic effect of a very small addition of Pd 
( less than 1 wt.%). FeTi with Pd exhibits an excellent activity 
in both amorphous and nanocrystalline powders in the as- 
ball-milled state [ 3,4]. Such powders require no activation 
and readily absorb hydrogen at room temperature, even when 
stored for a prolonged time in air before hydrogenation. By 
examining FeTi powders ball-milled with a Pd catalyst it is 
therefore possible to determine hydrogen absorption for the 
ball-milled powders in the unrelaxed state (for both amor- 
phous and nanocrystalline material) and the results can be 
compared with those for annealed powders. 

2. Experimental methods 

Mechanically alloyed FeTi samples (nanocrystalline and 
amorphous) were fabricated from elemental Fe and Ti pow- 
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ders (99.9% purity) by high energy bali-milling. The milling 
was performed in a high energy ball mill from SPEX (Spex 
8000) using WC balls and vial (for details see [5]) .  The 
final structure of the material is critically dependent on oxy- 
gen contamination. High (3 at.%) oxygen content in the 
samples promotes the formation of an amorphous structure, 
whereas under oxygen-free conditions nanocrystalline sam- 
ples are produced [5]. A small amount of Pd (less than 1 
wt.%) was used to modify the powders of nanocrystalline 
and amorphous FeTi in the course of ball-milling. X-ray 
studies were performed on a Nicolet-Stoe powder diffracto- 
meter (Cu Kc~ and Mo Kc~ radiation). The microstructure 
and chemical composition of the ball-milled material were 
studied using a Philips CM20 (200 kV) transmission electron 
microscope equipped with an energy-dispersive X-ray anal- 
ysis system (EDAX 9900) with a thin Be window. Thermal 
analysis of the powders was performed by differential scan- 
ning calorimetry (Perkin-Elmer DSC-2). Pressure-concen- 
tration isotherms were obtained using an automated 
volumetric apparatus, a modified version of that described in 

[61. 
To determine relaxation effects, pressure-concentration 

isotherms were measured at room temperature for the unre- 
laxed samples and for samples previously annealed at differ- 
ent temperatures. Microstructures of the powders were 
examined by X-ray diffraction and transmission electron 
microscopy (TEM) before and after hydrogenation cycles 
and also before and after annealings, to check for crystalli- 
zation or grain growth caused by heat treatments. 
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3. Results and discussion 

Relaxation effects in alloys prepared by ball-milling are 
usually very large, much larger than in alloys prepared by 
other non-equilibrium processes (e.g. melt-spinning) [ 1,7]. 
However, there is still no complete, quantitative description 
of the relaxation phenomena in ball-milled materials owing 
to the experimental difficulties in the direct measurements of 
structural and chemical changes in the materials [7]. Relax- 
ation effects are usually characterized by the release of 
enthalpy and stress on annealing [7,8]. A large amount of 
energy can be stored in nanocrystalline FeTi fabricated by 
high energy ball-milling, as a result of mechanical deforma- 
tion, leading in turn to a high concentration of structural 
defects and chemical disorder. DSC studies of as-ball-milled 
FeTi show a large enthalpy release on heating to 600 °C. An 
enthalpy release of 8 kJ mol-1 was obtained for the nano- 
crystalline samples used in the present study, which compares 
well with previous results for nanocrystalline FeTi ball- 
milled with lower energy, 7.5 kJ mol-  1 [9]. By comparison, 
the enthalpy stored in heavily deformed, cold-worked poly- 
crystalline materials does not usually exceed 1-2 kJ mol-1 
[1]. 

Relaxation of ball-milled materials may be also described 
as annealing out of strain. It was shown that ball-milled nan- 
ocrystalline FeTi exhibited a high level of internal strain, 
0.73% [9]. (For comparison, a strain of up to 1% may be 
obtained in cold worked metals [ 10].) Annealing reduces 
the internal strain to 40% of the initial value after heating to 
400 °C, with the size of the crystallites remaining unchanged 
(as determined by X-ray diffraction). After heating to 600 
°C the material is practically strain free [9]. 

Chemical ordering in nanocrystalline FeTi is also affected 
by annealing. Chemical disorder can be estimated from X- 
ray diffraction. FeTi has a b.c.c, structure of CsCl type with 
an ordered occupation of the sites by Fe and Ti atoms. Non- 
equilibrium crystalline structures of FeTi may be character- 
ized by different degrees of disorder. It was calculated from 
the X-ray diffraction patterns that the long-range order 
parameter (determined as the relative intensity ratio of (100) 
to the (200) line) is about 0.8 for the as-ball-milled sample 
] 11 ] and increases after annealing. Similar results, i.e. chem- 
ical disordering caused by ball-milling, were obtained for 
other compounds with the CsC1 structure [ 12]. 

To reveal effects of relaxation on hydrogen absorption, the 
unrelaxed FeTi powders (amorphous and nanocrystalline) 
and samples annealed at different temperatures were studied. 
TEM and X-ray diffraction of the samples before and after 
hydrogenation cycles showed that no apparent changes of the 
material occurred either with annealing, or with hydrogen 
absorption. Amorphous samples did not crystallize and grain 
sizes in nanocrystalline samples remained unchanged. 

Fig. I shows pressure-composition (p-c) isotherms of 
hydrogen absorption at room temperature for amorphous 
FeTi powders, in both an unrelaxed sample and in samples 
annealed at 300 °C and 400 °C. The measurements correspond 
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Fig. 1. Pressure-composition isotherms at room temperature for amorphous 
FeTi (modified by Pd) in as-produced state (a), after annealing at 300 °C 
(b) and at 400 °C (c); x = IH] / [FeTi]. 

to the first hydrogenation of each sample. Both the as-pre- 
pared and the relaxed samples exhibit a solubility-type behav- 
ior (i.e. no plateau in the isotherm), with a very similar p-c  
slope. This behavior is believed to be a result of the random 
local arrangements of atoms in the amorphous structure, 
which provides a wide distribution of energy of possible 
hydrogen sites. As a consequence the amount of adsorbed 
hydrogen is significantly reduced, compared with the ordered 
hydrogen packing in crystalline FeTiH at comparable hydro- 
gen pressures. Annealing does not change the slope of the 
hydrogen absorption curve for amorphous samples but only 
shifts it towards lower hydrogen contents at the given pres- 
sure. For example, after annealing at 300 °C the amount of 
absorbed hydrogen is lower by 0.09 H per FeTi and after 
annealing at 400 °C by 0.17 H per FeTi, as compared with 
the as-obtained sample at the same hydrogen pressure ( l0  
bar). 

Fig. 2 shows hydrogenation curves for nanocrystalline 
FeTi in the as-ball-milled state and after different annealing. 
p - c  isotherms measured for the as-made material show no 
well defined plateau in the curve. Analogously to the amor- 
phous material, annealing causes a shift of the p-c  isotherm 
towards higher pressures. However, unlike the amorphous 
samples, annealing gives rise to the appearance of a plateau. 
For the sample annealed at 300 °C the pressure plateau 
becomes more evident. Annealing at 400 °C gives the p-c  
isotherm with well defined plateau (Fig. 2 (d) ) ,  similar to 
that presented in [5] for activated nanocrystalline FeTi. 

To interpret the above results the structure of the nano- 
crystalline FeTi is assumed to consist of two components: 
crystalline nano-grains and highly disordered (amorphous- 
like) grain-boundary regions, similar to what was presented 
in Ref. [ 13]. The presence of some amorphous component 
in the nanocrystalline FeTi may be detected by X-ray dif- 
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Fig. 2. Pressure-composition isotherms at room temperature for nanocrys- 
talline FeTi (with Pd) in as-ball-milled state (a), and after annealing at 300 
°C for 0.5 h (b), at 400 °C for 0.5 h (c). A p-~c isotherm after prolonged 
annealing at 400 °C is also shown (d). 
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Fig. 3. Pressure-composition isotherms for nanocrystalline and amorphous 
FeTi (with Pd) in as-ball-milled state. 

fraction [ 11 ] and the calculated amount of amorphous phase 
reaches a fraction of 20%-30% of the material. The amor- 
phous-like nature of the grain boundary regions can be con- 
firmed by comparison of the hydrogenation characteristics 
for amorphous and nanocrystalline samples, as shown in Fig. 
3. For the as-ball-milled powders the isotherms overlap at 
low pressure (below plateau), i.e. where the absorption is 
solid solution type. Overlapping of isotherms for the amor- 
phous and nanocrystalline samples was also found for differ- 
ent annealings (Fig. 4) and was surprisingly well correlated 
with annealing temperature. These results strongly support 

the amorphous-like character of the grain-boundary regions 
in the ball-milled nanocrystalline FeTi. 

However, there is still a controversy in the literature about 
the nature of the grain boundary regions in nanocrystalline 
materials. For example, Kirchheim and coworkers [14,15] 
concluded from the analysis of hydrogenation in nanocrys- 
talline Pd that the grain boundary phase was highly disor- 
dered, but other authors [ 16] reported that grain boundaries 
in nanocrystalline Pd were similar to the grain boundaries in 
polycrystalline material. It should be stressed that these 
results were obtained for materials produced by the gas con- 
densation method. Grain boundaries formed in ball-milling 
may have a different character, because they are mostly 
affected by local stress and deformation. Ball-milling can also 
eventually lead to amorphization of the alloy [5], starting 
presumably at interfaces of the ball-milled powders. 

Irreversible relaxation in amorphous metals (e.g. in metal- 
lic glasses) is characterized by an increase in density [ 17]. 
According to this approach the structure of the unrelaxed 
glass provides more accessible sites for hydrogen, with lower 
energy. For annealed samples a higher hydrogen pressure 
must be applied to obtain the same amount of absorbed hydro- 
gen as for the unrelaxed sample. Annealing does not change 
the slope of the hydrogen absorption curve but shifts it 
towards lower hydrogen contents at the given pressure. Sim- 
ilar results were obtained for hydrogen absorption measured 
at various temperatures (from room temperature to 170 °C) 
ff)r amorphous NiZr ribbons [6]. An increase in the hydro- 
genation temperature caused a shift of isotherms towards 
lower hydrogen contents without any change in the isotherm 
slope. 

The fact that relaxation does not change the slope of the 
isotherm but only shifts it to higher pressures suggests that 
the distribution of site energies is not changed in form but is 
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Fig. 4. Pressure-con]position isotherms for nanocrystalline and amorphous 
FeTi (with Pd) after annealing at 300 °C. 
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only shifted to higher energies. Assuming that displacement 
is caused only by a densification, it is possible to calculate 
the change in specific volume VM from the pressure shift of 
the isotherm. Using a linear potential between protons and 
metal atoms and a hard core repulsion between protons [ 18 ], 
together with an isotropic and diagonal force-dipole tensor 
and replacing its diagonal component P by 

P = - BVH ( 1 ) 

where B is the bulk modulus of the material and vn the volume 
expansion per hydrogen atom absorbed, we find 

A H =  - B v H ( ~ - V ~ v  (2) 

where N is the number of dissolved protons. The correction 
to the chemical potential is 

A / Z =  - - B U H  (3) 

The pressure in the relaxed material corresponding to a given 
concentration of hydrogen is related to that for the as-made 
material by the expression 

1 A u  M 1 
- k T l n P ' + B v H - -  - k T l n P  (4) 
2 vM 2 

The change in specific volume is 

A O M kT P 
- - -  In ( 5 )  

VM 2BvH P'  

Although there are no precise figures for vn, the literature 
[ 19] on amorphous transition metal alloys suggests it should 
be around 2.8 ,~. The bulk modulus of crystalline FeTi is 189 
GPa [20]. The bulk modulus of amorphous metals is gen- 
erally 4% smaller than that of their crystalline counterparts 
[21 ]. We therefore use 180 GPa in this calculation. Taking 
the hydrogen pressure for the relaxed amorphous powder as 
about 10 times larger than that for the unrelaxed sample (for 
the same hydrogen content) (Fig. 1), we find AVM/ 
U M = - -  0.9% and A/,  = 0.03 eV. Again, it should be empha- 
sized that this simple estimation of the change in specific 
volume (AVM/VM) is based on the assumption that densifi- 
cation is the only factor in the increase in hydrogen pressure 
due to irreversible relaxation. The estimated value of AVM/ 
VM = --0.9% is larger than the observed density change 
caused by irreversible relaxation for rapidly solidified metal- 
lic glasses. It may be found in the literature that the density 
change due to irreversible relaxation is equal in metallic 
glasses to 0,5% [22]. The difference between the estimated 
value of density change for the amorphous ball-milled pow- 
der and metallic glass ribbons is consistent with previous 
reports that relaxation effects are much larger in ball-milled 
powders than in rapidly solidified materials [7]. As men- 
tioned before, the enthalpy of irreversible relaxation for ball- 
milled materials is usually several times larger than that for 
metallic glasses [7]. Amorphous FeTi exhibited a heat of 

irreversible relaxation of the order of 4-6 kJ mol -  1 and the 
values of relaxation of metallic glasses are in the range 0.4- 
1 kJ mol -  L 

Relaxation in nanocrystalline powders involved two fea- 
tures: a shift of the p - c  curve towards the lower hydrogen 
contents (analogous to the above discussed for amorphous 
structure) and a change in inclination of the plateau. From 
Figs. 3 and 4 it can be concluded that changes in the initial 
solubility of hydrogen before the formation of the FeTiH 
hydride can be attributed to the disordered grain-boundary 
regions. For the unrelaxed nanocrystalline sample, the lack 
of the well defined plateau in the region of the hydride for- 
mation may involve two overlapping and interconnected 
effects: a narrowed miscibility gap in the metal-hydrogen 
phase diagram and a tilting of the isotherm. 

We suggest that the change in hydrogen absorption char- 
acteristics for the nanocrystalline FeTi (in the range of for- 
mation of the FeTiH hydride) is caused by the influence of 
structural defects and internal strain on the metal-hydrogen 
phase diagram. At equilibrium there is a very limited solu- 
bility of hydrogen in FeTi [2] at room temperature (0.1 H 
per FeTi), although it increases significantly with tempera- 
ture [2]. The presence of internal strain and chemical disor- 
der may change the metal-hydrogen phase diagram by 
shifting the increasing solubility curve towards lower tem- 
peratures. The unrelaxed material exhibits a broader spread 
in energy of hydrogen sites which leads to a decrease in the 
critical temperature To, according to theoretical predictions 
[23,24]. 

It was observed, for example for crystalline Pd [ 25 ], that 
hydrogen storage properties were very sensitive to the inter- 
nal strain in cold-worked samples. Internal strain caused 
increased solubility of hydrogen in Pd. A narrowing of the 
Pd-H miscibility gap (increase in hydrogen concentration in 
solute phase) was also recently observed for nanocrystalline 
Pd produced by gas condensation [26] and in Monte Carlo 
simulations [27]. It was shown for Pd-tritrium and V-tri- 
trium systems [28] that pressure-concentration isotherms 
exhibit inclination of the plateau at elevated temperatures of 
hydrogenation and the effect is most pronounced for temper- 
atures closer to the critical temperature of mutual solubility. 
Ternary intermetallics also exhibit a plateau slope [29], 
which may be connected with a chemical segregation that 
occurs during solidification. The plateau slope can be mini- 
malized by annealing [29]. 

In general, it may be concluded that the presence of struc- 
tural defects and internal strain in ball-milled FeTi reduces 
the miscibility gap (i.e. increases the solubility of hydrogen 
in FeTi) and also lowers the critical temperature of mutual 
solubility, which manifests in shortening and inclination of 
the pressure plateau in the p - c  isotherm. 

4 .  C o n c l u s i o n s  

Relaxation effects were studied in ball-milled FeTi in the 
amorphous and nanocrystalline states. Hydrogen absorption 
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characteris t ics  at r o o m  temperature  for the unrelaxed material  

were  de te rmined  and compared  with those for annealed 

samples.  

For  amorphous  samples  anneal ing  does not change the 

character  o f  hydrogen  absorption,  but only shifts the hydro- 

genat ion curves  towards  lower  hydrogen  contents.  This  effect  

can be expla ined  by densif icat ion of  the amorphous  structure 

due to anneal ing,  which  reduces  the easily accessible hydro- 

gen sites with low energy.  

Relaxat ion  effects  in nanocrysta l l ine  FeTi  involve  two 

in terconnected features: a decrease  in the solubil i ty of  hydro-  

gen in FeTi  ( increase  in the miscibi l i ty  gap)  and a change in 

incl inat ion o f  the plateau. W e  suggest  that the hydrogenat ion  

characteris t ics  o f  the unre laxed nanocrysta l l ine  powder  result  

f rom the lowered  crit ical  tempera ture  of  mutual  solubil i ty in 

the m e t a l - h y d r o g e n  phase diagram. The decrease in critical 

temperature  occurs  owing  to the presence  o f  internal strain 

and disorder  in the unre laxed material ,  which causes broad- 

ening of  the energy  spec t rum for the hydrogen  sites. 

Addi t ional ly ,  it was shown that the nanocrystal l ine FeTi  

produced by bai l -mi l l ing  consists  o f  two components :  crys- 

tall ine nano-grains  and highly  disordered (amorphous- l ike )  

gra in-boundary  regions,  which  may  reach a fraction o f  2 0 % -  

30% of  the material .  
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