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Abstract 

On the basis of the reorientation relaxation of hydrogen in amorphous and crystalline intermetallic phases, the 
potential of “mechanical hydrogen spectroscopy” (MHS) as a tool for structural investigations is exemplified 
using CoZr, as a model alloy. After a brief overview of the related internal friction phenomena and their 
microscopic interpretation, it is shown by MHS (i) that, even in a nanocrystalline material produced by crystallization 
of a metallic glass, the structure of the grain boundaries is somewhat more “disordered” than that of the glass, 
and (ii) that amorphous CoZr, contains local structural elements from two different crystalline phases of the 
same composition. In addition, MHS may also be used on a more empirical level for characterizing microstructures 
and phase transformations. 

1. Introduction 

Anelastic relaxation produced by dissolved hydrogen 
in a solid matrix can be either of long-range (Gorsky) 
or of short-range (reorientation) type, depending on 
whether the isotropic or the anisotropic part respectively 
of the local elastic distortion field (A tensor) is involved. 
For the second type, a further distinction can be made 
according to whether the anisotropic distortion (“elastic 
dipole”) can be produced by a single H atom or only 
by some combination of defects. The subject of the 
following considerations is only short-range reorien- 
tation processes that can in principle be produced by 
single hydrogen atoms, i.e. processes similar to the well- 
known Snoek relaxation of heavier interstitials (C, N, 
0) in b.c.c. metals. Such processes have been observed 
for hydrogen in amorphous alloys [l-3] and some 
intermetallic compounds [4, 51, but not in pure b.c.c. 
metals [6, 71. 

In amorphous alloys, H reorientation relaxation is 
a common phenomenon that has hitherto been observed 
in about 20 systems [l]. It manifests itself as a broad, 
asymmetric internal friction (IF) peak that usually shifts 
to lower temperatures with increasing H concentration. 
The properties of this peak (e.g. distribution of activation 
energies) reflect the atomic disorder of the amorphous 
matrix, the occupation of interstitial sites (often iden- 
tified as tetrahedral sites, e.g. in the case of transition 
metal glasses [S]) according to Fermi-Dirac statistics 
[9], and the thermally activated jump of the H atoms 
over saddle point barriers [lo]. However, the devel- 
opment of a detailed, quantitative model of the H 
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reorientation relaxation in amorphous alloys is still a 
matter of debate [ll-131 which will be discussed in a 
separate paper [14]. 

In crystalline intermetallic compounds, there are as 
yet only a few manifestations of an H reorientation 
relaxation. After the discovery of H-induced IF peaks 
in Nb,Sn [15] and in two crystallized glasses [16, 171, 
the first observations that were clearly attributed to 
specific atomistic mechanisms were, independently of 
each other, those by Sobha et al. [4] on Pd,Mn and 
by Sinning [5] on tetragonal (Cl6 phase) CoZr,. The 
latter work was followed by a theoretical treatment of 
the relaxation process in the Cl6 compounds resulting 
in quantitative relationships, e.g. between lattice pa- 
rameters and activation energies [ 181, and also by further 
experimental results on different stable and metastable 
CoZrz, NiZr, and NiTiz phases and microstructures 
[19-211. 

On the basis of such reorientation relaxation processes 
of hydrogen in amorphous and crystalline inter-metallic 
phases, the purpose of the present paper is to exemplify 
the potential of mechanical spectroscopy, in the sense 
of a tool for structural and microstructural investigations. 
The experimental background for these considerations 
is mainly IF results on CoZr, which for this purpose 
represents an excellent model alloy. 

2. The model alloy CoZr,: results and basic ideas 

As described in detail elsewhere [5, 19, 201, the H- 
induced IF spectra of melt-spun CoZr, ribbons were 
measured with the vibrating reed technique for H 
concentrations [H]/[M] between 0.001 and about 1 (ratio 
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of hydrogen to metal atoms). The alloy CoZr2 was 
chosen because its crystallization sequence is particularly 
rich in different structures with the same chemical 
composition, including complex cubic (E93, NiTi2 type), 
hexagonal (similar to Ce24Co11. type [22]) and tetragonal 
(C16, CuAl2-type equilibrium phase) crystals [24-27]. 
(The hexagonal phase was first found by K6ster et al. 
[23] in rapidly heated samples; in our conventionally 
heated samples, lattice parameters a=8.753 /~ and 
c = 19.385 /~ were determined from X-ray diffraction. 
With 70 atoms cell -1 and almost the same c/a ratio 
this structure looks similar to that of C e 2 4 C o l l  (space 
group P63mc, Pearson symbol hP70 [22]), but a complete 
structure determination has not yet been possible.) The 
first stage in this sequence is a metastable, nanocrys- 
talline [27] state of the cubic E93 phase; the second, 
hexagonal metastable phase only appears in a com- 
plicated, multiphase "mixed state" before it finally 
transforms into the equilibrium phase. 

As shown in Figs. 1 and 2, each phase in this 
transformation sequence exhibits a characteristic IF 
peak; these peaks were all explained as H reorientation 
peaks with the H atoms jumping between the following 
sites [5, 19, 20]: peak 1, amorphous phase, Zr4 tetrahedra 
at low to intermediate and Zr3Co tetrahedra at high 
H concentrations; peak 2 (low H concentrations), Zr4 
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Fig. 1. Sequence of IF Q-1 spectra (,f= 580 5=80 Hz) in CoZr  2 
with about 0.3 at.% H ([H]/[M]=0.003) after different heat 
treatments (cf. refs. 5 and 20): curve a, amorphous state; curve 
b, nanocrystalline state; curve c, intermediate mixed state (see 
text); curve d, transformation into the tetragonal (C16) equilibrium 
phase almost complete. 
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Fig. 2. Schematic drawing of the H concentration dependence 
of the peak temperatures Tp (for f=300 Hz) of the IF peaks 
measured in CoZr2 [19, 20]: peak 1, amorphous state; peaks 
2-2', nanocrystalline state (grain boundaries-cubic E93 crystals); 
peak 4, C16 equilibrium phase; - - ,  main contribution from Zr 4 
tetrahedral sites; . . . . .  , main contribution from ZraCo tetrahedral 
sites. The right-hand activation energy scale holds for an assumed 
pre-exponential factor ~-0 =10 -12 s. 

tetrahedra in the grain boundaries of the nanocrystalline 
state; peak 2' (high H concentrations), Zr3Co tetrahedra 
in the cubic E93 structure; peak 3, hexagonal phase, 
further details not yet known; peak 4, Zr4 tetrahedra 
in the tetragonal C16 structure, as treated quantitatively 
in the above-mentioned work [18, 21]. 

The main point to be emphasized with regard to 
mechanical spectroscopy (in the above sense) is that 
most of these relaxation processes are due to the same 
atomistic, local event: the thermally activated jump of 
the H atom between neighbouring tetrahedral sites, 
embedded in the corresponding amorphous or crys- 
talline matrix structures. As long as the hydrogen-metal 
interaction is essentially confined to nearest neighbours 
(see, for example, refs. 10 and 18), there must be a 
unique relationship between the kinetic relaxation pa- 
rameters and the local atomic arrangement around the 
jumping proton independent of the surrounding long- 
range structure (in contrast to relaxation kinetics, this 
conclusion does not hold for the relaxation strength 
which depends on the ~ tensor and thus on the structure- 
dependent elastic constants). Such a relationship then 
offers a basis for applying the relaxation processes as 
a local probe to study structural details of the matrix. 

As long as a direct determination of this relationship 
("absolute gauge") by theory or independent experi- 
ments is not available, the only way of using it is the 
local comparison between structures in cases such as 
that of CoZrz, where the same local process occurs in 
several different structures ("relative gauge"). 

Two examples will now be discussed which dem- 
onstrate what kinds of results can be obtained with 
this approach: a structural comparison between the 
grain boundaries in the nanocrystalline state and the 
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amorphous phase based on the properties of peaks 1 
and 2, and the question of local correspondences be- 
tween amorphous and crystalline structures, based on 
a comparison of peak 1 with the “crystalline” peaks 
2’ and 4. Finally, some further, more empirical ap- 
plications of “mechanical hydrogen spectroscopy” 
(MHS) will also be considered briefly. 

3. Grain boundaries in the nanocrystalline state 

The most important structural question in the ex- 
panding field of nanocrystalline materials [28] is that 
of the structure of the grain boundary component, 
which obviously depends strongly on the method of 
production. For nanocrystalline materials prepared by 
crystallization from a metallic glass as in the case of 
CoZr,, the glassy structure seems to persist in the grain 
boundaries, as concluded for example from positron 
lifetime measurements [29], magnetic after-effect [30], 
and also our earlier H-induced IF measurements [5, 
19, 201, where no significant difference was detected. 

However, a better use of the structural sensitivity of 
MHS can still be made by considering the H concen- 
tration dependence of the relaxation kinetics in more 
detail. Since in the nanocrystalline state the H con- 
centrations may differ between the crystals and the 
grain boundaries, it is not the total [H]/[M] value as 
in Fig. 2 but the unknown local value in the grain 
boundaries which should be considered. 

If now the structures of the grain boundaries and 
the amorphous phase are at least approximately equal 
to each other as stated above, this must also be true 
for the relaxation strengths per H atom. Hence, for 
the purpose of comparison, the unknown local H con- 
centration may be replaced by the measured IF peak 
height Q;‘divided by an appropriate volume fraction 
(Y, which has been done in Fig. 3. 

Fig. 3. The peak temperatures TP (for f= 300 Hz) in amorphous 
(peak 1) and nanocrystalline (peak 2) CoZrl as a function of 
the peak height Q;‘, divided by an appropriate volume fraction 
(Y (amorphous state, (Y = 1; nanocrystalline state, a = 0.25, volume 
fraction of grain boundaries [31]). 

In addition, the ordinates in Figs. 2 and 3 may be 
read as average activation energies (assuming a constant 
pre-exponential factor TV) and reflect the local distri- 
bution of Zr-Zr distances in the sense that higher peak 
temperatures or activation energies correspond to sites 
of lower energy, with larger Zr-Zr distances. 

Thus, the result of Fig. 3 indicates that on a certain 
change in the local H concentration, the average ac- 
tivation energy exhibits more variation in the nano- 
crystalline state, corresponding to a broader distribution 
of Zr-Zr distances in the grain boundaries, than in 
the amorphous phase. In particular, the differences at 
low H concentrations can be understood as the result 
of some larger interstitial holes in the grain boundaries. 

For the class of nanocrystalline materials produced 
by crystallization of a metallic glass, this is possibly the 
first experimental indication that even in this case the 
structure of the grain boundaries is somewhat “more 
disordered” (less dense) than that of a glass. 

In the light of this interpretation, the further shift 
of the IF peak to higher temperatures observed with 
increasing grain size [5, 201 can naturally be explained 
by an increasing difference between the grain boundary 
and glass structures; the same tendency is also seen 
for the alloys Ni,,Ti,, and Ni,,Zr, [20]. Thus, MHS 
is obviously able to detect some subtle, gradual dif- 
ferences of disordered structures between the limits 
of a glass and a grain boundary in a polycrystalline 
material. 

4. Local correspondences between amorphous and 
crystalline structures 

The question of how far an amorphous structure can 
be described by local “structural units” from related 
crystalline phases has often been considered (e.g. refs. 
32 and 33). In amorphous CoZr,, we may look with 
MHS at the topological short-range order (TSRO) 
among the Zr atoms at low H concentrations and at 
the surroundings of the Co atoms at high H concen- 
trations, in relation to the metastable cubic as well as 
the stable tetragonal phase. 

With respect to TSR0 among the Zr atoms, it can 
be stated a priori that there are Zr, tetrahedra in the 
amorphous [8] and tetragonal, but not in the cubic [34] 
phases. We shall now see that more quantitative in- 
formation on the Zr-Zr distances is obtained from the 
corresponding IF peaks 1 and 4. 

Figure 4 shows the geometry of those Zr, tetrahedral 
sites in CoZr, and NiZr, that are responsible for the 
H reorientation relaxation in the Cl6 lattice [18, 211. 
It is seen that because of the four different Zr-Zr 
distances d,+& [35], the two tetrahedra are distorted 
in different crystallographic directions, but by almost 
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Fig. 4. The dimensions (in /tngstr6ms) of the type 2 [18] Zr4 
tetrahedra around the 161 interstitial sites in the C16 phases 
CoZrz and NiZr2. 

the same amount. The relaxation strength, however, is 
considerably larger in tetragonal CoZr2 (Fig. 1) than 
in NiZr2 [20], with the values for the corresponding 
amorphous phases between them. This seems to indicate 
(with some limitation; see Section 2) that also the 
distortions of the Zr  4 tetrahedra in amorphous CoZr2 
and NiZr2 are of the same order of magnitude as in 
the C16 phases. 

With respect to relaxation kinetics, it has been shown 
for the C16 lattice that the activation energy of the 
dominating reorientation jump in CoZr2 is a function 
of d2"~ 2d 4 [18], which means that the value measured 
at dilute H concentrations is related to a Zr-Zr distance 
of 3.27 /~ (which is the average of the three edges 
leading to the left-hand corner in Fig. 4). 

In the amorphous structure the situation is more 
complicated, because different parts of the continuous 
distribution of Zr-Zr distances are scanned at different 
H concentrations. A full treatment of this problem 
requires a thorough, fundamental discussion of the 
relaxation models (see above) and the numerical ap- 
plication of a model structure such as that of Richards 
[10], which is not possible here. What can be said, 
however, is that there must exist a certain H concen- 
tration where the measured, average activation energy 
of relaxation just corresponds to the average Zr-Zr 
distance in the amorphous structure. From the dis- 
cussion of relaxation models [14], the measured low 
concentration activation parameters (0.47 eV and 
2×10 -12 s for peak 1 and 0.41 eV and 3x10  -13 s for 
peak 4 [5]), and the concentration dependence of peak 
temperatures in Fig. 2, one can roughly estimate that, 
at this unknown H concentration, the average activation 
energy in the amorphous state must be close to the 
low concentration value in the C16 phase. According 
to what has been said above, this implies an average 
Zr-Zr distance close to 3.27 /~ in amorphous CoZr  2. 

Assuming a gaussian distribution for the Zr-Zr dis- 
tances (as often found in metallic glasses [36]), the 
combined results from relaxation strength and kinetics 
therefore suggest a mean value of 3.27/~ and a width 
20,= 0.45/~ (cf. Fig. 4) for amorphous CoZr2. As shown 
in Fig. 5, this distribution indeed agrees very well with 

! i i ! 

(d ~',2d~.)/3 

1.o J' 
.N_ 
-6 
E 

u_ 0.5 D 
n.- I 

I 

2 3 4 
r(~,) 

Fig. 5. Comparison of the Zr-Zr distances dl-d4 in tetragonal 
CoZr2 with the suggested gaussian distribution for amorphous 
Co33Zr67 ( - - - )  and the RDF determined by Steyer et al. [37] 
for amorphous Co40Zr6o ( - - ;  see text). 

i f i 

-'= ~X 
i 

20 

0 "~ L ~ 
100 150 200 250 300 

TIK) 

Fig. 6. Comparison of damping peaks at high H concentrations: 
- - ,  amorphous CoZr2, [H]/[M]=0.64, f=314 Hz; - - - ,  nano- 
crystalline CoZr2, [H]/[M] =0.69, f=336 Hz [19]. 

a Zr-Zr radial distribution function (RDF) determined 
from X-ray data for amorphous Co4oZr6o [37]. 

Probing of the Co surroundings by occupation of 
Zr3Co tetrahedra in amorphous CoZr2, on the contrary, 
requires very high H concentrations in the [H]/[M] 
range between about 0.5 and 1 [8]. In that range, the 
IF peaks in the amorphous and nanocrystalline states 
(i.e. peaks 1 and 2') appear almost identical not only 
in height and peak temperature but also in shape (Fig. 
6). 

Figure 7 shows the atomic arrangement around a 
Co atom in the cubic E93 structure. At the high H 
concentrations considered, there must be up to three 
protons around each Co atom, probably jumping be- 
tween Zr3Co tetrahedral sites with a strong mutual 
interaction. Here, the relaxation parameters can no 
longer reflect the geometry of single tetrahedra but 
probably the arrangement of all nine Zr atoms around 
a Co atom as a whole. The IF results seem to confirm 
the presumption [37] that this type of TSRO (distorted 
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Fig. 7. The 12 neighbours of a Co atom in metastable, cubic 
CoZr2, with indication of the trigonal symmetry ( - - ;  cf. ref. 37) 
and of a pair of ZhCo tetrabedra ( . . . . .  ). 

trigonal prisms) around the Co atoms is also present 
in the amorphous structure. 

In summarizing this example, MHS has revealed that 
the structure of amorphous CoZr2 contains elements 
of short-range order from both the metastable cubic 
and the stable tetragonal crystalline phases. This might 
be an important finding for understanding the crys- 
tallization behaviour of this metallic glass, e.g. in terms 
of competing influences of Co-Zr and Zr-Zr  inter- 
actions. 

5. Other applications and outlook 

Apart from the more sophisticated examples of the 
preceding sections that make use of the sensitivity of 
MHS to structural details in atomic dimensions, there 
are other applications on a more empirical basis suitable 
for characterizing the constitution and microstructure 
of a material on a larger scale. Here it is first of all 
the simple identification of a measured IF peak with 
a certain intermetallic phase that naturally gives rise 
to the application of MHS as a method for detecting 
phases and studying phase transformations. 

For instance, sequences of IF spectra such as that 
in Fig. 1 may be used to follow directly the different 
phases forming and disappearing on the way from the 
amorphous state to thermodynamic equilibrium of the 
alloy CoZr2. It has been pointed out previously [19, 
38] that this method may be advantageous especially 
in those cases where microstructures and diffraction 
patterns are very complicated, as in the intermediate 

mixed state during the transformation sequence of 
CoZr2. More systematic experiments of this kind are 
now planned in order to shed more light on the later 
stages of that complex crystallization sequence, espe- 
cially on those processes that are responsible for the 
existence of the recently discovered, metastable hex- 
agonal phase (see above). 

A special case is the investigation of H-induced phase 
transformations where the hydrogen influencing the 
transformation behaviour can at the same time serve 
as a probe to detect the phases after the transformation. 
For instance, amorphous CoZr2 containing several 
atomic per cent H partially transforms directly into the 
tetragonal equilibrium phase, as indicated by the ap- 
pearance of the corresponding IF peak 4 [5, 38]. 

Further applications and a general improvement in 
the results that can be obtained with MHS in the sense 
of the present paper will depend on the progress made 
in future on the discovery, theoretical understanding 
and quantitative characterization of underlying relax- 
ation processes. Since our knowledge of the reorien- 
tation relaxation in amorphous and, even more, in 
crystalline intermetallic phases is still in full devel- 
opment, the potential of MHS as a tool for structural 
investigations is certainly not yet exhausted. 
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