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AbslracL The internal friction (IF) has teen measured as a function of the H (D) mntent 
in ihe disordered and ordered PdJMn system krween 90 and 400 K at frequencies in 
the range 180-5300 Hz. Relaxation processes due to stress-assisted motion of H (U) 
have k e n  identified and lheir spectra of relaxation times, heights and lemperatures 
determined as a function of H mntent and the state of long-range order. The main 
observations in the case of ihe alloy in the disordered slate are an increase with n 
(n = H (or  D)/(Pd + M n )  at.) of the height and width of the peak and a decrease 
of the peak lemperature. These effects have teen attributed to progressive filling bj 
H of higher energy Is sites (sites having five nearest-neighbour Pd atoms). which differ 
in terms of atomic amngemenu in the second and more distant shells of neighbours 
The partial molar enthalpy AHH for H solution has also been determined both in 
the disordered and ordered stales of the PdJMn alloy. In the disordered slate AH, 
is found 10 increase rapidly with n starling from values of n as low as 0.01. The 
mncentration dependence of AHH as well as of the heighl of the IF peak m e a l  stmng 
hydmgen-hydrogen repulsions. 

1. Introduction 

In the last few years there has been an increasing number of studies of the behaviour 
of H in Pd,Mn (Flanagan ei ai 1986, Baba er a1 1987, 1988, Rodic’ et ai 1989, 1991, 
Rush ef ai 1989, Sobha ei a/ 1991a, b). This is due to the fact that this system can 
be obtained in states of different order. Quenching from high temperatures results 
in a disordered metastable form, while slow cooling from above 803 K gives rise to 
a long-period structure (LPS) of the AI,Zr type (Ahken ef a1 1989) which can be 
converted into an L1, form by annealing at about 600 K (Flanagan ef a/ 1986) in the 
presence of H, gas at pressures of a few MPa. The unit cells of these structures are 
given in figure 1. 

H diffusion coefficients have been derived from recent anelastic measuremenu 
on this system Over a wide temperature range in the three states of order (Sobha el 
al 1991a, b). The internal friction (IF) peaks associated with H transitions between 
different interstitial (octahedral) sites (Sobha er a1 1991a, b) have been characterized. 
In the present work, changes in the relaxation time spectra of some of these peaks 
are examined as a function of H content and the state of long-range order of the 
alloy. The underlying objective of the investigation was to probe H-H and H-Mn 
interactions. For this purpose complementary measurements of the partial molar 
enthalpy of H were carried out as a function of H content for the three states of 
order. 
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Flgurc 1. Unit cells of the LPS and Llz ordered forms of PdsMn, with la. G and I, 
'ypes of octahedral intentitial siles marked. 

2. Experimental details 

The alloy was prepared by induction melting in argon. The initially disordered state 
was produced by rapid quenching from I 1 2 3  K into ice water. At a later stage the 
specimens were ordered to the LPS form by annealing in vacuo at slowly decreasing 
temperatures from 800 to 303 K over a period of several days. The Ll, form was 
obtained by annealing the sample for one week at 600 K under a high H2 pressure 
(50 m a ) .  

21. Soiubiliy measuremenis 

Hydrogen solubility data were obtained by the gas-phase method which consisted of 
repeated dosing of the sample under isothermal conditions in a calibrated reaction 
volume V,. The source of ultra-pure hydrogen gas was a hydrided sample of LaNi, 
contained in a stainless steel vessel. A certain amount of gas was admitted fmm 
the hydrogen reservoir into a calibrated dosing volume V,,, which was subsequently 
connected to tk. ?he pressures in V, and V, were measured respectively by a 
Barocel differential manometer and an MKS baratron meter. The specimens used in 
these experiments were strips of average dimensions 5 mm by 30 mm. 

22. Inremal friction measuremenis 

The IF and Young's modulus were measured in flexure by exciting freefree resonant 
modes of bars; the four specimens used were about 45 mm long, 5 mm wide and of 
thicknesses: 0.18, 0.28, 1.37 and 3.1 mm, respectively. Hydrogen and deuterium were 
loaded by gas-phase reaction at appropriate temperatures and H, (or Dz) pressures. 
The H (or D) content n ( n  = H(or D)/(Pd + Mn) at.) was monitored gravimetri- 
caUy and within the experimental accuracy (an = 0.003) was found not to change 
appreciably during the measurements. 
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3. Results 

3.1. Hydrogen solubility 

The relative chemical potential of hydrogen dissolved in an alloy is given by the 
relationship (Atkins 1986) 

pH = RT(1n PH,)”*. (1) 

Using this relation, values of pH were determined at various hydrogen contents n 
from pressurecomposition isotherms for each of the forms of the alloy. Relative par- 
tial molar enthalpies AH, of hydrogen at a given hydrogen content were determined 
E” the slopes of p H / T  against 1/T plots Over the temperature range 340-533 K. 
”he experimentally deduced enthalpy-hydrogen content relations for the three states 
of order are shown in figure 2 There it can be seen that in the two ordered forms 
AH, decreases over extended ranges of n, while in the disordered material it starts 
increasing at relatively low values of 71 (n = 0.01). The values of AH, at infinite 
dilution as determined from the intercepts at n = 0 of the curves in figure 2 are 
-31.7 (A13Zr), -26.1 (LI,) and -24.2 (disord.) !d (mol H)-l and all are much more 
negative (exothermic) than for Pd ( -10.1 kJ (mol H)-’) (Clewley er a1 1973). 

Figure 2. Partial molar enthalpy of hydrogen as a funclion of hydmgen mntenf for 
disordered (A) LPS ordered (e); and U 2  ordered (0) forms of the alloy. 

3.2. Intemal fnclion 

Figure 3 shows the IF data of the disordered sample 1 after quenching (curve l), 
deuterium loading (curve 2) and subsequent partial desorption of deuterium (curves 
3 to 6). As can be seen, a broad peak is introduced by D with a maximum occurring 
at a temperature T, (240 < T, < 290 K), which for n < 0.035 tends to increase 
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Figure 3 Elastic energy dissipation mellicient Q-' against T taken for evely succssive 
partial desorption ol the disordered sample which was initially deuterium loaded lo  
nD = 0.046. 
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Flgure 4 Concenlration dependence (H. D) of the height and temperature Of he m 
in lhe o s e  of disordered samples. 

with a decrease in the atomic ratio, n. Results similar to those in figure 3 have been 
obtained with a thicker sam le (sample 3) charged with H. 

3 were obtained during subsequent H absorptions. As can be seen, Q,' increases 
non-linearly with n, and similarly to TM, does not show any appreciable isotopic 
dependence. The IF behaviour of disordered and ordered (US) samples are shown 
in figure 5, where data taken in different specimens charged with H are compared. 
Three peaks are observed at about 120, 250 and 350 K in the sample having the LpS 
type of order, which are labelled LTP, ITP and HTP, respectively. Since the intermediate 

The dependence of Q; P and Th, on a is illustrated in figure 4; data for sample 
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temperature peak (ITP) overlaps the peak observed in the disordered state, it s eem 
probable that they are both most likely due to the Same structural mechanism. The 
higher temperature peak (HTP) does not Seem to have a counterpart in the disordered 
material as shown in curve 1 of figure 5 where the measurements cover a more widely 
extended temperature range than those of figure 3. 

H Y D R O G E N  
1 DISORDERED 
2 PARIIALLY ORD. L P S  

T ( K )  
Flgum 5. Internal friction of disordered (curve I),  parlially ordered US (curve Z), and 
tully ordered Lps forms of the alloy (CUM 3). 

The ITP was not observed in another specimen which had been separately ordered 
to the LPS structure (curve 3, figure 5). Results similar to those found here for the 
u s  type of order have been obtained for the L1, structure (Sobha ef al 1!3!31a, b). 
It is believed that the appearances of the ITP in the us and L1, forms are related 
to an incomplete state of order and does not rcpresent an intrinsic feature of these 
structures. It is known, for example, that it is dilficult to fully order the LPS form 
(Rodic' el a1 1991). The LTP, ITP and HTP peaks have been found to be associated 
with thermally activated relaxation processes whose activation energies W have been 
estimated to be 0.29, 0.53 and 0.74 eV, respectively (Sobha er a1 1991a, b). 

The widths of the two more well developed ITP and HTP are found to be greater 
than that for a theoretical Debye peak associated with a single relaxation time process 
as shown by figures 6 and 7, where the quantity Q-'/Q;' has been plotted as a 
function of the universal variable ( W / k ) (  1 / T  - 1 /T,,,). As can be seen in figure 6 
the width of the ITP decreases with a decrease in the D content and is larger than 
the width of the HTP (figure 7) for comparable values of nD. 

4. Discussion 

Seven octahedral interstitial sites Ii can be distinguished in a Pd alloy according to the 
number i ( i  = O , l ,  . . . ,6) of Pd atoms located in the first shell of the neighbours. 
Preferential occupancy by H can intuitively be expected of those sites exclusively or 
predominantly surrounded by Pd because H dissolves more easily in Pd than in Mn. 
Consistent with this expectation neutron diffraction studies of the ordered forms of 
Pd,Mn alloy have demonstrated that H only occupies I, and to a lesser extent I, 
sites (Rodic' el al 1989, Rush ef al 1989). 
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Figure 7. Comparison of normalized relaxation curves for cases of the r r P  (disordered) 
and m ( m ordered) ai comparable deuterium mnlenls. 

4.1. Solu biliry data 

The main factors which affect the partial molar enthalpy AHH of solution of H h 
a ternary alloy are the site energia e ,  and the H-H interaction. At infinite dilution 
when H-H interactions are negligible and when hydrogen occupies only the I, sites, 
the partial molar enthalpy gives a measure of the site energy e6,  which according to 
the data in figure 2, strongly varies from one form to the other. 

The atomic composition and distribution within the second and more distant shells 
of neighbours may affect e, by altering the local electron density and the empty space 
avaliable for H at the I, sites (Salomons el a/ 1990). The average lattice parameter 
of pure Pd (0.3890 nm) is smaller than the parameters of the three Pd,Mn alloys 
which are all very similar, Le. 0.3900 nm (disordered), 0.3899 nm (A1,Zr-form) and 
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0.3901 nm (LI,-form) (Flanagan ef a1 1992). The larger lattice parameters for the 
alloys can only partly account for their greater hydrogen solution exothermicity as 
compared with pure Pd. As a matter of fact the elastic contributions to changes of 
AH, on alloying as deduced from the formulae given by Salomons et a1 (1990) are 
much smaller than those observed experimentally. In view of the close coincidence 
of the lattice parameters, the electronic rather than the volume effect must also be 
responsible for differences of AH, amongst alloys. 

The concentration dependences of AH, are expected to be mainly affected by 
preferential site occupancies and H-H interactions. A preferential site occupancy 
effect alone would predict substantially constant values of AH, during the early 
stages of I, site filling and increases at values of n where the occupancy of other 
type of sites becomes significant. Clearly these features are not shown by the data, 
since the two ordered forms of the alloy display unexpected appreciable decreases of 
AH, at the lower values of n and steep increases for the disordered and the AI& 
ordered forms at values of n much smaller than expected from the concentrations 
of the available I, sites (0.178 for the disordered form, 0.107 for the AI& ordered 
form). Thus H-H interactions play a major role in determining the concentration 
dependence of AH,. 

The decrease of A H ,  with n in the early stages of H absorption is indicative 
of predominantly attractive long-range H-H interacrions which are due to the lattice 
expansion caused by H. The subsequent increases with n observed in the disordered 
and the LPS ordered forms are associated with strongly concentration dependent 
short-range repulsive H-H forces, which arc presumably electronic in nature. 

In the disordered form the H-H repulsive interactions are important even at H 
concentrations as low as ~ i :  0.01, and rapidly increase becoming large enough to 
prevent any substantial absorption of H above n = 0.OG6. These H-H repulsive 
interactions would seem to arise from the presence of Mn atoms, since they are 
not present in pure Pd at such low H contents. In this disordered form the Mn 
atoms, thus, not only act as antitrapping entities by increasing the site energies, but 
also strongly enhance H-H repulsions and consequently the blocking capability of H 
atoms, as it will be discussed in detail in section 4.3. 

4.2. Intemal friclion 
The relaxation processes associated with the LI?, ITP and ~ I T P  peaks have been at- 
tributed to the stress-assisted transitions I, - I,, I, - I, and I, 3 I,, respectively 
(Sobha et ai 1991b). As can be seen in figure 1, I, 3 I, transitions in the us struc- 
ture do not lead to a reorientation of the Is tetragonal dipole and these transitions 
cannot occur in the L1, form since there are no I, sites. The ITP is thus not expected 
to occur in these structures in agreement with the experimental findings. The resuls 
of a study of long-range diffusion of H using Gorsky relaxation (Sobha et a1 1991a) 
support the interpretation of the relaxations given above. A close coincidence was 
found between the activation enerby of the HTP (0.74 eV) and the activation energy 
for diffusion (0.78 eV) in the L1, form. In the case of the us structure the activation 
energy for diffusion (0.46 eV) is found to be close to that of the ITP (0.53 eV). This 
observation, once the assignment of the m to I, - I, transitions is accepted, can 
be taken (Sobha et al 1991a) as evidence of a long-range diffusion process occurring 
over planes containing only 1, sites (see figure 1). The energy for diffusion in the 
disordered material is much smaller ( 0.38 eV) than that in the fwo ordered forms 
and is intermediate between those of the LrP (0.29 e'/) and ITP (0.53 eV) peaks, 
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showing that in the disordered form the diffusion of H (D) mainly occurs through I, 
and I, sites as would be expected. 

Although it is well hown that a relaxation due to H-H complexes occurs in a'-Pd 
hydride ( a n e r  effect) (Mazzolai et a1 1981, Leisure a al 1983). a mechanism of this 
type has not been considered for the peaks observed in the Pd,Mn alloys, because 
of the relatively low H (or D) concentrations involved and the repulsive H-Mn and 
H-H interactions, which enhance the randomness in the H (D) distribution. 

4.3. Dependence of the.height of h e  TTP on the H (or 0) confcnt in the disordered form 

The main observations in figure 4 are: (i) Thf decreases with increasing n; (ii) QL1 
increases non-linearly with n. These features are also shown by an anelastic relax- 
ation due to H (or D) in metal glasses (Berry and Pritchet 1989). Using Fermi-Dirac 
statistics we have recently developed a model (Coluzzi el a[ 1992) for relaxations 
due to H in Fcc alloys employing the approximation that the symmetry properties 
are determined only by the atomic arrangements in the first coordination shell. Ac- 
cording to this model the relaxation strength, S, of a single time process due to the 
reorientation of a tetragonal dipole, I ; ,  for the ultrasonic propagation mode C in a 
single crystal is given by 

2V' 
- 3kT S 2Q-' - -(Al - &)'a:; 

where V' is the atomic volume of the alloy and where A ,  and A, are the principal 
components ofathe A tensor associated with the tetragonal dipole I i .  The factor 
ali represents the concentration of the tetragonal reoricntable dipoles I i ,  that is of 
dipoles that have as nearest neighbour at least one site of type I i  with its tetragonal 
axis differently oriented from that of the dipole. The facror T : ~  is given by 

In this relation, az is the fraction of configurations that lead to dipole reorientation, 
ci is the number ni of H atoms on sites i divided by the total number M of interstitial 
sites, 4;; is the probability that a site close to a given dipole I;  is of type i and f, is 
the probability that this site is not blocked by other H atoms. Following Brouwer et 
nl (1988) c; is given by 

where pi is the number of interstitial sites of type i divided by M, eF is a quantity 
that plays a role similar to the Fermi energy for clectrons and si is a selective blocking 
factor indicating the number of sites of type i blocked by one H atom sitting in a site 
of type i .  In the case that only nearest-neighbour sites are blocked by a H atom it 
follows that 

where Z is the number of sites in the first coordination shell (Z  = 12 in the case of 
a FcC lattice and octahedral sites). 
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The probability f i  that a site of type i is not blocked by any other H atom is 
given by 

In disordered Pd,Mn where only I, and I, sites are likely to be occupied, the respec- 
tive probabilities that a site I, or I, is blocked are given by 

Saturation of sites I, and I, (f, = f, = 0) is obtained for c; = 0.007 and c; = 
0.057, so that n 2 c; + c; = 0.064. This is in good accord with experimental results 
which have shown a maximum solubility of H in the disordered alloy of about 0.066. 

The quantities pi and qii in a random alloy can be calculated and depend only 
on the alloy composition (Coluzzi el al 1992); for the disordered alloy Pd,Mn, p, 
and q,, are equal to a356 and 0.387, respectively. 

In order to calculate ci as a function of n the site energies ei should be known. 
This b, however, not the case for the present alloy. llius, a quantitative comparison 
of (2) with the experimental data in the upper part of figure 4 is not possible at 
the moment. The non-linear behaviour of Q;' as a function of n can, however, 
be qualitatively accounted for. Thus, assuming that one H atom blocks its twelve 
nearest interstitial sites, relations (2), (3) and (6) predict that QG1 passes through a 
maximum for ci = ci, =pi/%+ 

For i = 5, si turns out to be equal to 4.8, equation (5) and c~,,, equal to 0.037. 
Taking for c6 a value calculated from relation (7.1) and assuming that f6 = 0 and 
that c, = c,,, then Q,' would reach its maximum for n = 0.053. This expectation 
seems to be in agreement with the trends shown in figure 4. 

Relation (2) is only precisely valid for a single crystal and the C propagation mode 
and thus, is not immediately applicable to the present experiments. As discussed by 
Nowick and Berry (1972), however, the relaxation strength measured in polycrystalline 
material is, to a good approximation, proportional (proportionality constant equal to 
$) to the relaxation strength given by (2). Thus, employment of relation (2) should 
be valid for interpretation of the present data. 

4.4. Dependence of !he widfh and peak umpernfure on n for fhe rrp in Ihe case of h e  
disordered form 

There are two main sources for the spectrum of relaxation times associated with 
anelastic processes due to H (or D) in alloys. The first source has to do with the 
multiplicity of the interstitial sites available to H (or D), which may differ from 
one another depending upon the particular atomic arrangements in the nearest and 
in the more distant coordination shells. The second source is related to the H-H 
interactions. 

If each of the observed relaxations is due to a well-defined transition, as would be 
expected for conditions of infinite dilution, a spectrum of relaxation times is related 
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to metal atom arrangements in the second and more distant shells of neighbours. For 
perfectly ordered alloys (ws and L1, forms) the atomic arrangement is unique, thus, 
at infinite dilution, the HTP should have a single relaxation time. On the other hand 
at finite H (or D) contents, a spectrum of times is expected which should arise from 
the presence of H-H interactions. This is consistent with the results in figure 7 which 
show a wider peak in the case of the disordered as compared with the ordered form 
The broadening of the m for the lowest D content (n = 0.01) in the disordered 
alloy compared with the single time relaxation curve in figure 6 would seem to be 
attributable to a distribution of the site energies associated with different atomic 
arrangements in the more distant coordination shells around an I, site. The question 
now arises however as to whether the increase in width associated with an increase 
of n (figure 6) iF due to E-D interactions or to an increase in the variety of D jumps 
due to the occupation of I, sites associated with progressively higher energies. In the 
Light of the present results from the solubility and IF data, the broadening of the rrP 
would seem likely to be due to the occupation of I, sites with progressively higher 
site energies. Such a spectrum of energies of the I, sites could arise, of course, from 
the different atomic arrangements in thc second and more distant shells. 

The shift of the peak towards lower temperatures shown in figure 4, as the H 
content is increased, could arise from a lowering of the energy barriers between 
adjacent I, sites. This would lead to the important conclusion that the saddle-point 
energies are not as sensitive, as the site encrgies are, to the atomic arrangements 
in the more distant coordination shells. A possible explanation for this is that the 
saddle-point energy for an H atom, which hops between a two adjacent octahedral 
interstitial sites in an FCC lattice, is dominated by the three atoms at the centres 
of the faces sharing the same corner of the unit cell, and is thus not affected by 
the atomic distribution in the more distant shells. This would occur because of the 
relative closeness of the other atoms to the H in the saddle-point configuration. 

5. Conclusions 

The combined investigation of H solubility and IF Farried out in this work has provided 
valuable information on hydrogen-hydrogen and hydrogen-metal atom interactions 
in the Pd,Mn alloy. The concentration dependence of the partial molar enthalpy 
of H has revealed strong H-H repulsions in the disordered state of the alloy, which 
have received confirmation from the H concentration dependences of the height and 
width of the IF peak associated with the strcss-induced reorientation of I, tetragonal 
dipoles. With increasing H content, I, sites of higher encrgy become occupied. The 
differences in the 1, site energies arise from differences in the atomic arrangements 
within the second and more distant coordination shells. Progressive site filling results 
in a broadening of the relaxation-time spcctrum. The energies of I, sites are more 
markedly affected by the atomic environment of the more distant shells than are the 
saddle-point energies. This results in diffusion jumps with lower activation energy with 
increasing n and consequently to a shift of the ITP peak towards lower temperatures. 
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