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Hydrogen-induced phase separation in amorphous Cu, sTi, s alloys.
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The influence of hydrogen on the structure of an amorphous Cug sTi, 5 alloy has been studied by
means of x-ray and neutron scattering. These experiments include large-angle x-ray and neutron
scattering and small-angle neutron scattering with hydrogen-deuterium substitution. The results in-
dicate that large hydrogen contents (hydrogen-to-metal ratio of 0.84) induce a phase separation into
Cu and TiH, regions on a scale of about 10-15 A. Experiments on samples loaded with hydrogen
by electrolysis or from the gas phase show that such a phase separation does not depend on the
method of hydrogen loading. The results of a computer simulation with nearest-neighbor Cu-Ti
permutations reproduce the main features of the diffraction data and confirm the large change of
chemical ordering between Cu and Ti atoms upon hydrogen absorption.

I. INTRODUCTION

Numerous studies on amorphous copper-titanium hy-
drides have been published. The major reasons for such
an interest are (i) the possibility of introducing larger
quantities of hydrogen in the amorphous alloys than in
the corresponding crystalline compounds,! thus leading
to potential technological applications, and (ii) the use of
the light hydrogen atom as a local probe for both a better
understanding of the structure of these amorphous alloys
and a determination of the location of hydrogen.>® Con-
cerning the hydrogen-absorption capacity, it is well estab-
lished"* that the maximum hydrogen content in these
amorphous Cu-Ti hydrides is directly related to the alloy
composition, i.e., it increases with increasing titanium
concentration. In addition the hydrogen-to-titanium ra-
tio also increases with the titanium concentration, indi-
cating that not only the number but also the local envi-
ronment of the titanium atoms (existence of tetrahedral
Ti, sites) influences the hydrogen-absorption capacity.

Nevertheless, the large hydrogen-absorption capacity
in amorphous Cu-Ti hydrides cannot be explained on the
basis of previous neutron scattering results on nonhydro-
genated Cu-Ti amorphous alloys*> which showed the ex-
istence of chemical ordering with a preference for unlike
neighbors, thus decreasing the number of possible
tetrahedral-like Ti sites. This was confirmed by comput-
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er simulation experiments of the structure of Cug sTig s
amorphous alloys® which showed that the introduction of
chemical ordering between Cu and Ti atoms led to a good
agreement between experimental and simulated pair-
correlation functions. Nevertheless the analysis of the
computer model showed that the resulting maximum hy-
drogen capacity (considering only Ti, sites) was 0.12 hy-
drogen atoms per metal atom, much smaller than the one
experimentally obtained (no other sites such as Ti;Cu
were considered in the simulation since Cu-H correla-
tions were not observed in the experimental pair-
correlation functions).

Such a discrepancy can be removed if one supposes
that hydrogen not only occupies interstitial sites in the
structure of the starting alloy but also modifies this struc-
ture so as to create more energetically favorable sites.
Under these circumstances hydrogen can no longer be
considered as a probe in a quasirigid matrix (neglecting
expansion effects) but as a constituent of a ternary Cu-
Ti-H alloy. A supplementary problem has now to be
solved; that is, the structure of the hydrogenated alloy, in
addition to problems of the structure of the as-prepared
alloy and of the location of hydrogen.

A complication of such studies comes from the poor
thermal stability of Cu-Ti-H amorphous alloys.”?
Whereas amorphous CujsTips and  crystalline
(Cug sTij s)Hy 45 alloys have transformation temperatures
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of 715 and 637 K, respectively (with a heating rate of 20
K/min), the amorphous hydride (Cug sTigs)Hg ; trans-
forms irreversibly into copper and titanium hydride at
509 K. As noted in Ref. 7 such a transformation requires
long-range movement of metal atoms at a relatively low
temperature, which again indicates that hydrogen is more
than an interstitial atom in the amorphous structure.
Such poor thermal stability does not facilitate studies on
the hydrogen mobility in these alloys which have to be
limited to a relatively small temperature range.’

Apart from the above-mentioned apparent contradic-
tion between calculated® and experimental'! maximum
hydrogen-to-metal ratio in Cuy sTiy s glasses, there are
other experimental results which indicate that hydrogen
indeed modifies the structure of the matrix. First, the in-
terference functions and pair-correlation functions ob-
tained from x-ray experiments on (Cu,Ti,_,)H, glasses®
are greatly modified as the hydrogen content increases.
Taking into account both the small difference in the x-ray
scattering factors of copper and titanium and the very
small weight of the hydrogen contribution, such large
modifications of the curves are difficult to explain in the
case of a simple filling of interstitial sites. Second, neu-
tron scattering experiments® have shown the existence of
a maximum at low angle, which indicates a nonhomo-
geneous distribution of the hydrogen atoms. In the case
of Cuge;Tip3; glasses, the combination of neutron
scattering with hydrogen-deuterium substitution and
anomalous small-angle x-ray scattering on both copper
and titanium edges'®!' support the hypothesis of a
hydrogen-induced small-scale phase separation between
titanium hydride and copper.

The present paper is devoted to an extensive study of
the structure of electrolytically charged (Cug sTij s)Hg g4
glasses. Paper I presents both x-ray and neutron
diffraction results which confirm the existence of phase
separation induced by the introduction of hydrogen.
These findings are then used in a computer simulation of
the structure of the CuTi matrix. Some results obtained
on samples prepared by reaction with hydrogen gas are
also presented and lead to the same conclusions. Paper
II'? will concentrate on the thermal evolution of these
glassy hydrides for different hydrogen contents as studied
by calorimetry and neutron diffraction. It will also corre-
late these results with those obtained previously from
small-angle neutron scattering experiments. '

II. SAMPLE PREPARATION

Amorphous Cu, sTiy s alloys were obtained by the
melt-spinning technique in the form of ribbons 8-mm
wide and 40-um thick. They were loaded with hydrogen
or deuterium by electrolysis in a diluted HCIO, solution
in H,O (D,0) with a current density of 5 A m~2 for 20 h.
Mixtures of H,O and D,0 were also used for the partially
deuterated samples.

The total (H,D) content of the samples was determined
through the pressure variation in a closed vessel contain-
ing about 1 g of sample during heating up to 1100 K.
Hydrogen (deuterium) contents of 8412 at. % were thus
measured, corresponding to the composition
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(Cuyg, sTig 5)(H,D)g g4 or CuTi(H,D); ¢3. In the case of hy-
drogenated samples these concentrations were checked
by neutron scattering by taking advantage of the large in-
coherent scattering cross section of hydrogen
[05c=81.67X 1072 cm? (Refs. 14 and 15)]. The in-
coherent intensities were compared to those obtained
from known amounts of TiH, powder (diluted into Al,04
powder in order to get similar transmission coefficients).
Hydrogen contents determined in this way were found to
agree with those obtained from desorption experiments
within a few percent.

The hydrogen-to-deuterium ratio in the partly deu-
terated samples was determined as follows. After the
samples were heated above the crystallization tempera-
ture,'? neutron diffraction spectra were recorded, and the
intensities of the diffraction peaks of the Ti(H,D), phase
were measured. From the relative intensities of the peaks
it was possible to determine the mean neutron scattering
length of the (H,D) atoms and thus the proportion of hy-
drogen and deuterium in the samples.

Neutron and x-ray diffraction experiments were also
performed on sputtered samples loaded with hydrogen
from the gas phase. The samples were prepared by dc
sputtering under 50 Pa of argon onto a liquid-nitrogen-
cooled copper substrate in the form of disks 70 mm in di-
ameter and 30—40-um thick. As the surface of these Cu-
Ti glasses passivates very rapidly in air, the samples were
hydrogenated in situ just after sputtering by evacuating
the chamber to 1072 Pa and introducing 10° Pa of pure
hydrogen gas in the sputtering chamber. Under these
conditions absorption of hydrogen takes place very rapid-
ly (within a few minutes). The hydrogen content in these
samples was found to be slightly smaller than the one ob-
tained by electrolytic charging. This could be due to a
progressive passivation of the surface since we observed
that keeping the sample a few hours under a vacuum of
10~2 Pa prevented subsequent hydrogen absorption.

III. LARGE-ANGLE X-RAY DIFFRACTION

A. Experiment

X-ray experiments were performed on a Philips hor-
izontal diffractometer with molybdenum Ka radiation
(A=0.711 A) in a 6,20 transmission geometry. Since hy-
drogen loading causes embrittlement of the Cu-Ti glasses,
the hydrogenated samples were crushed into a fine
powder, stuck onto Scotch tape and placed on an alumi-
num holder into the chamber, which was subsequently
evacuated in order to eliminate parasitic air scattering.

A computer-driven Si(Li) solid detector was used for
recording the scattered intensity at 400 points with a
counting time of 6 min per point for scattering angles 26
from 40 to 130° corresponding to a g range
(g =4msin6/)) from 0.62 to 16.1 A~'. From the intensi-
ties diffracted by the sample holder (Scotch tape) I (q)
and by sample holder plus sample I,(g) we can determine
the scattered intensity per atom I,(q) by neglecting the
absorption of x-ray photons in the Scotch tape:
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I(q)=KXP(g)[ A(u,q)X1,(q)+ A (u,q)XC(q)]
+ A4,(p,q) X I(q) ,

where K is the normalization constant, P (q) the polariza-
tion factor, u the linear absorption coefficient of the sam-
ple, A(u,q) the absorption term for the coherent radia-
tion, 4.(u,q) the absorption term for the Compton radia-
tion, A (u,q) the corrective term for the absorption by
the sample of the x-ray photons scattered coherently by
the Scotch tape, and C(q) the Compton scattering factors
calculated from Cromer’s tables.'®

If u is known, 4, 4., and 4, can be determined.!” K
is calculated using the Norman’s relation.!® From I,(q)
one can calculate the interference function 7 (g) as

(@) =L(@)+{f)—(fH),

with (f)= 3, ¢;f; and {f?) = 3, ¢, f7, where the f; are
the atomic scattering factors calculated through an ana-
lytic expression.'®

The interference function 7(q) must oscillate around
unity at large g. If the value of u is too large or too
small, 7(q) will oscillate around values larger or smaller
than unity, respectively. The best value of u is thus ad-
justed graphically by computer so as to give the correct
behavior of I(q) at large g. This very sensitive method is
analogous to that of Ergun et al.?®

In order to reduce the statistical fluctuations at large
angles, the reduced interference function q[I(q)—1] is
then smoothed by a method using both cubic spline func-
tions and least-squares criteria.?! Finally, this smoothed
function is truncated at a node g, (i.e., q,[I(g,)—1]=0),
generally the highest identifiable one, and the corre-
sponding reduced atomic pair-distribution function G (r)
is obtained by a Fourier transform of (q):

G (r)=4mr[p(r)—po]
4, )
=2/7rf0 q[I(g)—1]sin(gr)dgq ,

where p(r) is the atomic distribution function and p, the
average atomic density.

B. Results

Figures 1 and 2 present the interference functions I (q)
and reduced atomic pair-distribution functions G (r) for
Cuy sTiy s and (Cug sTig 5)Hg g4 alloys. The interference
function in Fig. 1(a) is typical of amorphous samples with
a first maximum at 2.9 A ™! and second split maximum at
5.0 and 5.7 A~ The G (r) curve in Fig. 2(a) has a first
maximum at 2.65 A corresponding to the average of the
Cu-Cu, Cu-Ti, and Ti-Ti nearest-neighbor distances.

As already reported by Grzeta et al.,” the introduction
of hydrogen causes large changes in the shape of the in-
terference function in Fig. 1(b) (smaller height and larger
width of the first peak, disappearance of the splitting of
the second peak). One can also observe the appearance of
a small-angle signal. The changes in real space are also
quite important. The first peak in Fig. 2(b) is clearly split
into two peaks, the largest one at 2.55 A and the smallest
at 3.05 A. The oscillations are more rapidly damped at
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FIG. 1. X-ray interference functions for (a) Cu, sTi; 5 and (b)
(Cuyg sTigy s)Hg 34 amorphous alloys.

larger distances and the splitting of the second peak is re-
versed compared to that of Fig. 2(a).

Such large changes in the G (r) curves upon hydrogen
absorption can have mainly two origins. In the formal-
ism of Faber and Ziman?? the total pair-correlation func-
tion can be decomposed into six partial functions G;;(r)
(for a ternary alloy) according to

G(r)=3 W;Gy(r), i,j=Cu, Ti, H
ij
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FIG. 2. Reduced atomic distribution functions for (a)
Cuy sTig s and (b) (Cug sTip 5)Hg g4 amorphous alloys.
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TABLE I. Weights of the partial contributions to the total G (r) for (Cuy sTij s)Hj g4 alloys (x ray).
Cu-Cu Cu-Ti Ti-Ti Cu-H Ti-H H-H
0.303 0.460 0.174 0.035 0.027 0.001
with IV. LARGE-ANGLE NEUTRON DIFFRACTION
cic;fif; . .
W= —Z}—;?—, and (f)= 2 o f; - A. Experimental and data analysis
i

Table I gives the values of W;; for the (Cug sTig s)Hg g4 al-
loys. One can see that the major contribution to the total
G (r) comes from the metal-metal correlations and that
the Cu-Ti contribution dominates over the Cu-Cu and
Ti-Ti ones. According to that, the filling of interstitial
sites by the hydrogen atoms should only be detected in
x-ray experiments through an increase of the metal-metal
distances, owing to the small scattering factor of hydro-
gen.

The splitting of the first peak of G(r) can first arise
from an increase of the Ti-Ti nearest-neighbor distances,
with little or no change of the corresponding Cu-Cu and
Cu-Ti distances. Such an explanation was given to ac-
count for x-ray scattering results on glassy Zr,PdH; hy-
drides?® which indeed showed the appearance of such a
splitting due to an increase of only the Zr-Zr distance,
implying that all the hydrogen atoms occupied only Zr,
sites. The same reasoning cannot hold in the case of
Cu-Ti hydrides since, according to our results of comput-
er simulation on Cu, sTiy s amorphous alloys,® there are
not enough Ti, sites in the alloy to accommodate all the
hydrogen atoms. As a consequence, they have to occupy
also other sites such as Ti;Cu for example. Therefore we
should observe an increase of both the Cu-Ti and Ti-Ti
nearest-neighbor distances, which should prevent the ap-
pearance of a splitting of the first peak.

The other explanation is that hydrogen modifies the
amorphous structure. We suggest that a decrease of the
number of Cu-Ti nearest-neighbor atoms to the benefit of
Cu-Cu and Ti-Ti ones can also produce a splitting of the
first peak. The neutron diffraction results presented in
the next paragraphs will confirm the occurrence of such
an atomic rearrangement.

The neutron diffraction measurements were performed
on the D4B diffractometer at the Institut Laue Langevin
(Grenoble) using a wavelength of 0.7 A. The amorphous
samples were maintained in a vanadium container of 0.1-
mm thickness and 5-mm diam and placed at the center of
the vacuum chamber of D4B. The diffracted intensities
were measured by two *He detectors of 64 cells each, lo-
cated at 1.50 and 0.75 m from the sample, the counting
rate of detector 2 being thus about 4 times higher than
that of detector 1. The 26 scattering angles covered were
20,,in=4.0°, 20,,,,=64.7° with an angular step of 0.1° for
detector 1 and 20, ;,=46.2°, 20,,,, = 134° with an angular
step of 0.2° for detector 2, corresponding to g ranges
(g =4msin/A) of 0.6-9.6 A~! and 7.04-16.52 A~} re-
spectively. For the partly deuterated sample the g range
was extended down to 0.25 A1,

For each detector the raw data were corrected first for
the container scattering and the sample self-absorption
using the expressions of the absorption factors developed
by Paalman and Pings®* and calculated from the values
given in Table IL'%"> For the samples loaded with hy-
drogen or deuterium, the scattering cross section of light
atoms decreases with g due to inelastic effects. Therefore,
in the calculation of the absorption factors we used a
scattering cross section of H or D averaged over a 26
range between O and 180° on the basis of an ideal-gas
model by Copley?® (noted &, in Table II). Then the
counting level of the detector 2 was reduced to that of the
detector 1 using the overlapping angular range.

For the as-prepared Cug sTij s alloys, the intensities
were then corrected for the isotropic multiple scatter-
ing,2¢ for the inelastic scattering,?’ and for the incoherent
scattering. In order to determine the coherent scattering
cross section per atom I,(q), the normalization of the

TABLE II. Coherent scattering lengths (b, ), incoherent scattering cross sections (0;,..,), bound
scattering cross sections (o?°""), scattering cross sections averaged over 26 range between 0° and 180°
(T), and absorption cross sections for A=0.7 A (o,).

bcoh Tincoh U‘sm“nd E: O4
(10~ cm) (b) (b) (b) (b)
Cu 0.7718 0.44 7.93 1.47
Ti —0.3438 2.57 4.06 2.372
H —0.374 79.9 81.67 28.75 0.13
D 0.6674 2.04 7.64 3.8 0
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scattered intensity was realized at high g value (see for
example, Ref. 28). The total interference function S(q)
was then related to I,(q) by

S(g)=1,(q)/{b?) ,

with (b2) =3, ¢;b%p. For the (Cuy sTig s)(H, D)y g, al-
loys the scattered intensity 7 (q) decreases strongly with ¢
as shown in Fig. 3 for (Cuy sTiy s)Hj s7Dg 57- This is due
to the self-inelastic scattering of light atoms. The intensi-
ty I(q) for these ternary alloys, corrected for container
scattering and self-absorption, can be written as follows:

dos(q)
I(Q)zco —'ﬁ_;—— E ci(bi?coh_i'bi?inc)
Cu,Ti
damul + dainel(q)
dQ dQ
doyplq)
+cH,D%— , (1)

where C, is the normalization constant and do 4(q)/dQ
is the distinct scattering cross section which represents
the interference effects between metal, hydrogen, and
deuterium atoms and produces the oscillations of I(q).
The terms in large parentheses (coherent, incoherent,
multiple, and inelastic terms) concern only the metal
atoms and yield a quite g-independent intensity which
can be calculated as mentioned above for the unloaded
Cu-Ti alloys. The last term is the self-scattering of the
light atoms. For the deuterium loaded samples, this term
can be evaluated from the expression of S(gq,w) for an
ideal gas, integrated over the energy transfer w.?> How-
ever, for hydrogenated samples with a high hydrogen
content, such a procedure cannot reproduce the experi-
mental decrease of the intensity with g because of the
large contribution of multiple scattering.

INTENSITY

1 1 i 1 A

o 2 4 6 8 10

2 14
q(R")
FIG. 3. Scattered intensity I(q) of (CugsTig s)Hg s7Dg 27

amorphous alloys. I, (g) (dashed line) passes through the oscil-
lations of I(q).
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Therefore, in order to correct the experimental curves
in the same manner for the hydrogenated and deuterated
samples, we determined doy,(q)/dQ by calculating a
smooth curve through the oscillations of I(q). This
curve is called I (q) and represented by the dashed curve
in Fig. 3. This function I;(q) is thus the sum of all the
terms of Eq. (1), dog(q)/dQ expected, and I(q) can be
written as

dUdis(q)
dQ

Then, considering the first node g, of do4(q)/dQ,
one can calculate the normalization constant C, from Eq.
(1) and finally the total interference function S(q)
through

do is( )
S(q)=14 a4 /<b2>

1(g)=C, +I(q) .

S da
with
dogis(q) 1(g)—I(q)
dQ Co ‘

The most serious drawback of such a normalization
procedure is that it is rather difficult to estimate the value
of I,(g) at small g. This leads to some uncertainty on the
value of C, and thus on the amplitude of the oscillations
of the resulting interference function. On the basis of the
experimental results presented in this paper, a different
way of determining I (q) can be used and is presented in
the Appendix. A rather good agreement is obtained
when comparing the results of both methods, although
the second procedure is physically more reasonable, at
least in the system studied here.

B. Results

Figure 4 presents the interference functions S(q)
for CugsTigs [Fig. 4(a)] and (CugsTigs)(H,D)gg,
alloys [Figs. 4(b)—-4(d)]. The last three samples corre-
spond to the compositions (Cuy 5aTig s)Hg s7Dg 27,
(Cuy 5Tig s)H g4, and (Cug sTig s)Hg ggDg 76 By compar-
ison with the corresponding interference functions of Fig.
1 for x-ray scattering, one can notice an even larger
change of the neutron S(gq) curves upon hydrogen or deu-
terium absorption. This is mainly due to the larger
weights of the metal-hydrogen (deuterium) contributions
compared to those in x-ray scattering. To illustrate this,
Table III gives the weights of the different contributions
for the four alloys studied. For the sake of comparison
between the different curves, these weights are also given
relative to that of the Cu-Cu contribution.

Although we said above that the modifications of the
S(q) curves are due to the large weight of the metal-
hydrogen (deuterium) contributions, this is not the case
for the curve of Fig. 4(b), where the mean scattering
length of the (H,D) mixture is very small
(by,p=—0.039X10""2 cm) as compared to those of hy-
drogen (by=-0.374X10"'2 cm) or deuterium
(bp=0.6674x10~'2 cm). In this case, the total S(gq) is
dominated by the metal-metal contributions, and thus
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FIG. 4. Neutron interference function S(q) for (a) Cuq sTig s,

(b) (CUO' 5Tio' 5 )H() 57D0,27) (c) (CUO‘ 5Tio, 5 )Ho sy and (d)
(Cuy 5Tig 5)Hp 0sDg.76 amorphous alloys.

can be compared to that of the as-quenched sample in
Fig. 4(a). As it was the case for the x-ray experiments,
the important differences observed here between Figs.
4(a) and 4(b) thus mean that hydrogen loading leads to a
large change of the structure of the metallic matrix. Such
a change also results in the appearance of a strong small-
angle signal in Figs. 4(b) and 4(c), but not in Fig. 4(d) for
the deuterated sample. The origin of this small-angle sig-
nal will be given in the next section.

Figure 5 presents the reduced atomic distribution func-
tions G (r) obtained by a Fourier transform of the in-
terference functions. Owing to the correction procedure
in the case of hydrogenated and deuterated samples (cf.
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FIG. 5. Reduced atomic distribution functions G (r) for the
same samples as in Fig. 4.

Sec. IV A), these curves exhibit some unphysical oscilla-
tions especially at small distances. Therefore we will re-
strict ourselves to a discussion about the variation of
their main peaks with H or D loading.

The total G (r) functions can be decomposed into six
partial G; (r) contributions (i,j =Cu, Ti, H, or D) ac-
cording to

c;c;b;b;
L] LJ

The weights W;; are given in Table III using an average
coherent scattermg length for the (H,D) mixture. As not-
ed above, one can directly obtain information on the

G;(r) .

TABLE III. Weights of the different contributions in Cuy sTi, s(H,D)y g4 alloys for neutron diffraction. Weights normalized to that

of the Cu-Cu contribution are given in parentheses.

byup
(10-'2 cm) Cu-Cu Cu-Ti Ti-Ti Cu-H Ti-H H-H

Cug sTig. 5 0.417 —0372 0.083 0 0 0

(1) —0.891) (0.198)
(Cug sTig 5)Ho.57Dg 27 —0.039 0.226 —0.201 0.045 —0.039 0.017 0.002

(1 (—0.891) (0.198) (—0.171) (0.076) (0.007)
(Cug sTig s)Ho 4 —0.374 0.171 —0.152 0.034 —0.278 0.124 0.113

(1) (—0.891) (0.198) (—1.629) (0.726) (0.663)
(Cug sTig 5)Ho.0sDo.76 +0.568 0.129 —0.115 0.026 0.319 —0.142 0.197

() (—0.891) (0.198) (2.475) (—1.102) (1.531)
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hydrogen-induced modifications of the metallic matrix by
comparing Figs. 5(a) and 5(b) since the weights of the
metal-hydrogen (-deuterium) and hydrogen-hydrogen
correlations are quite small for the sample of Fig. 5(b).
Whereas the first positive (r~2.4 A) and negative
(r=~2.75 A) peaks in Fig. 5(a) can be attributed to Cu-Cu
and Cu-Ti nearest-neighbor distances, respectively, it ap-
pears in Fig. 5(b) that the (H,D) loading leads principally
to a large change of the relative intensities of these peaks.
Such a modification can be assigned to a decrease of the
number of Cu-Ti nearest-neighbor atoms to the benefit of
the Cu-Cu ones upon hydrogen absorption. This result is
in agreement with the splitting observed in x-ray experi-
ments [Figs. 1(b) and 2(b)].

Concerning Figs. 5(c) and 5(d), hydrogen or deuterium
loading leads to the appearance of a supplementary peak
at about 1.9 A. This peak is positive with hydrogen [Fig.

5(c)] and negative with deuterium [Fig. 5(d)]. According
to Table III, this peak thus corresponds to titanium-
hydrogen (-deuterium) correlations. Despite the much
larger weight of the Cu-H (Cu-D) correlations as com-
pared to the Ti-H (Ti-D) ones, there is no clear evidence
of another negative (with H) or positive (with D) supple-
mentary peak at about 1.5 A (which would correspond to
copper-hydrogen nearest-neighbor distances).

To summarize, it appears from both x-ray and neutron
results that hydrogen loading of Cu-Ti glasses leads to a
strong decrease of the Cu-Ti interactions and to the ap-
pearance of only Ti-H interactions. This unambiguously

-2: 4
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FIG. 6. Simulated atomic pair-distribution functions for (a)
(Cuy sTig s)Ho 57Dg.27 (b) (Cuy sTig s)Hy g4, and (c)
(Cuy,5Tig.5)Hg.08Do. 76 alloys.

shows that phase separation takes place upon hydrogen
absorption. To illustrate this point, let us suppose that
such a phase separation occurs between Cu and TiH, mi-
crocrystals (these phases appear during the crystallization
of the sample, see Paper II). It is thus possible to simu-
late the reduced atomic distribution functions of such a
system starting from the stable fcc Cu and fcc TiH,, (with
x =1.68) phases and considering a Gaussian broadening
of the peaks of the Patterson function in order to account
for the small size of the crystals. Figure 6 shows the re-
sulting G (r) curves in the case of neutron scattering ob-
tained by summing up both Cu and TiH,, TiD,, or
Ti(H,D), contributions according to their respective
weights. These curves were obtained with lattice parame-
ters ac, =3.55 A and aTim, =4.35 A, both values slightly

smaller than the bulk ones (3 61 and 4.45 A, respectively).
As compared to the corresponding experimental curves
[Figs. 5(b)-5(d)], there is a qualitative agreement for both
positions and relative intensities of the first peaks of
G (r), i.e., for the first metal-metal and metal-hydrogen
distances.

As we will see in the following section, the phase sepa-
ration is on a small scale; therefore a simple broadening
of the peaks of the equilibrium phases is certainly not
sufficient to account for the details of the experimental
curves, because such a simplified model completely ig-
nores possible Cu-Ti interactions. We will present in Sec.
VI another way of simulating such a phase separation,

“starting from a model we already used in the case of

nonhydrogenated Cu-Ti amorphous alloys.®

V. LOW-ANGLE NEUTRON DIFFRACTION

The samples used for these low-angle neutron
diffraction studies were hydrogenated and deuterated un-
der the same conditions as described in Sec. II. The ex-
periments where carried out on the D1B diffractometer at
the Institut Laue Langevin (Grenoble) using a wavelength
of 2.52 A. For the three alloys studied (Cug sTig s)Hj g4,
(Cuy sTig 5)Hg 9Dy 15, and (Cug sTig 5)Dg g4, We Observe
in Fig. 7 a maximum at low angle, the high-q side corre-
sponding to the strong small-angle increase in Figs. 4(b)
and 4(c) [see also Fig. 9(b)]. The position of this max-
imum (g =0.4 A™") does not change with the hydrogen-
deuterium substitution, but its intensity (measured above
the incoherent background) decreases as the deuterium
content increases. Such a behavior can be well explained
by supposing that this maximum is an interference max-
imum in a two-phase system. In this case the small-angle
intensity will be proportional to ®(1—®)(p, —p,)* where
® is the volume fraction of one phase and p,—p, is the
mean scattering length contrast between both phases.
The variation of the intensity of the maximum with the
(H,D) substitution implies that hydrogen (deuterium) is
not uniformly distributed among both phases. More pre-
cisely, if one supposes that all the hydrogen belongs to
only one of these phases, one can write

I~®(1-®)aby+a,),

where by is the mean scattering length of the (H,D) mix-
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FIG. 7. Low-angle intensity vs scattering vector for (a)
(Cuy.5Tip.5)Hg g4, (b) (Cuy,sTig s)Ho.69D0. 155 and (c)
(Cuyg sTig s)Dg s34 alloys. The intensities are scaled to the same
weight of sample.

ture and a, and o, are constants. Figure 8 presents a plot
of (I)!/? as a function of by, which shows that a straight
line is indeed obtained. The intensity falls to zero for
by=1.04x10"12 cm, at which value both phases have
the same mean scattering length.

Turning now to the chemical composition of the
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FIG. 8. Square root of the intensity of the low-angle max-
imum as a function of the mean scattering length of the (H,D)
mixture.
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phases [i.e., the values of x and y if one supposes that the
phases have the compositions Cu,Ti,(H,D);g4 and
Cugys_,Tigs_,], a rough calculation of the variation of
Ap=p,—p, as a function of x and y shows that Ap is
indeed equal to zero for y is equal to 0.5 (such a calcula-
tion is not very accurate because of the uncertainties on
the densities of the phases). This calculation is less sensi-
tive to the value of x; nevertheless x has to be small to ac-
count for the intensity of the maximum, as this intensity
depends on the volume fraction of the phases. The phase
separation is thus essentially between copper-rich and ti-
tanium hydride-rich regions.

Similar conclusions could be drawn from anomalous
small-angle x-ray scattering measurements. In this case
one takes advantage of the variation of the x-ray scatter-
ing factors of the metallic elements near the absorption
edge.”” Experiments carried out on the same samples
used for the neutron study have shown that the variation
of the intensity of the maximum at 0.4 A~! on both
copper and titanium edges could be also explained by the
presence of copper and titanium hydride regions,® as al-
ready observed in (Cug¢;Tip 33)Hg 34 alloys using the
same technique.'®!! One can note that both techniques
are complementary, since the contrast variation concerns
the metal atoms in the case of x-ray and the hydrogen
atoms in the case of neutron scattering.

A last point concerns the extent of phase separation in
these Cu-Ti alloys. From the position of the maximum,
the mean correlation length of these phases can be es-
timated to about 10-15 A (~27/q). On such a
small scale, any microcrystalline model (such as the one
we presented in Sec. IV B) should take into account
metal-metal correlations at the interfaces.

VI. NUMERICAL SIMULATION
OF THE PHASE SEPARATION

We present here preliminary results of a computer
simulation study of the structure of amorphous Cu sTij 5
hydrides. Our starting point is a model previously
presented of the structure of nonhydrogenated Cu-Ti
amorphous alloys.® We recalled in the Introduction that
in this case we were unable to accommodate as much hy-
drogen as experimentally observed, because of the rela-
tively small number of available Ti, tetrahedral sites.
(This number was even smaller than that obtained with a
random distribution of Cu and Ti atoms as a consequence
of the observed chemical ordering in these glasses.’)
Consequently we must now consider the change in the
chemical ordering in Cu-Ti alloys (induced by the great
affinity of hydrogen for titanium) as shown experimental-
ly by the strong decrease of the Cu-Ti interactions [Fig.
5(b)] and the appearance of a small-angle maximum in
S(q) (Fig. 7).

From the initial Cu, sTiys model of 1549 atoms® a
Monte Carlo procedure is used to exchange Cu and Ti
nearest-neighbor atoms (the first metal-metal distances
are taken up to the first minimum after the first peak of
each partial pair-correlation function, i.e., 3.08, 3.34, and
3.80 A for Cu-Cu, Cu-Ti, and Ti-Ti pairs, respective-
ly). Such an exchange is effectively realized if it leads to



an increase of the number of Ti-Ti pairs. This is
equivalent to the Ising model with short-range interac-
tions at zero temperature,’! the only difference being that
such a simulation is carried out here on an amorphous
sample and not on the usual cubic lattice. When all pos-
sible permutations have been performed, the system is
numerically relaxed using the same set of Johnson pair
potentials as used for the as-prepared Cu, sTi, s glass.
Then, from the positions of Cu and Ti atoms, we calcu-
late the total pair-correlation function and then the total
interference function. Partial coordination numbers can
also be measured, from which one calculates the short-
range order parameter.’? Because of their size difference,
Cu and Ti atoms tend to overlap upon permutation when
a large atom replaces a small one, whereas free volumes
are created in other regions when a small atom replaces a
large one. Such a situation could be avoided to some ex-
tent by carrying out a numerical relaxation after every
permutation. We did not use such a procedure here, be-
cause of the large computer time required (1600 permuta-
tions are necessary to reach the final state).

Figure 9 shows the simulated neutron interference
function S(g) and the experimental curve for the
(Cugq sTig 5)Hy 57Dg »7 amorphous alloy. Since the contri-
butions of the metal-hydrogen and hydrogen-hydrogen
pairs are very small in this alloy (see Table III), a direct

2 14
q(R™)

FIG. 9. Simulated neutron interference function for (a)
Cug sTig s and experimental curve for (b) (Cug sTig s)Hg 57Dg 27
amorphous alloy.
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comparison of both curves is justified. As for Monte Car-
lo simulations of first-order transitions on cubic lattices,>!
the simulated S(gq) develops a well-defined small-angle
maximum as observed experimentally. At larger g values
the agreement is also satisfying. A small discrepancy in
the period of the oscillations is however noticeable, prob-
ably because of the positions of the minimum of each
metal-metal potential taken here identical to those used
for the as-prepared glass. In real space both G (r) curves
are also very similar (curves not shown). They evidence
the decrease of the number of unlike nearest-neighbor
atoms. The short-range order parameter obtained from
this model is = +0.33 compared to a= —0.08 for the
starting configuration.

It thus appears that the experimentally observed
small-scale phase separation is well reproduced by our
model. In addition, these calculations indicate that
despite this rather large change of chemical order be-
tween copper and titanium the amorphous structure is
still preserved. We plan to analyze the hydrogenation
sites in order to get further comparison with experiments
(maximum hydrogen capacity and metal-hydrogen corre-
lations for example).

VII. SOME RESULTS ON PRESSURE-CHARGED
SPUTTERED SAMPLES

It is interesting to know whether or not the phase sepa-
ration observed in electrolytically charged samples is also
present in samples loaded in hydrogen from the gas
phase. To answer this question, sputtered Cu, sTij 5 sam-
ples charged with hydrogen under pressure (see Sec. II)
were studied by both x-ray and neutron scattering. We
first checked that the x-ray and neutron interference
functions for the as-sputtered sample were identical to
those of the melt-spun one (except for a small hydrogen
contamination of the sputtered sample only detectable
through the slightly nonhorizontal background in neu-
tron experiments). X-ray and neutron experiments were
then performed after hydrogen loading and Fig. 10
presents the atomic distribution function for neutron
diffraction to be compared to the corresponding one in
Fig. 5(c).

In the case of x-ray experiments (curve not shown) the
G (r) curve is the same whatever the mode of charging,
the only difference being that the splitting of the first
peak (due to the small number of Cu-Ti nearest neigh-
bors) is less well marked for the pressure-charged sample.
In the case of neutron experiments, similar features are
observed at small distances in Figs. 10 and 5(c), i.e., the
appearance of Ti-H correlations at about 1.9 A and the
smaller amplitude of the first minimum after the Cu-Cu
peak corresponding to the Cu-Ti correlations. We can-
not comment on the differences at larger distances, be-
cause of the rather complicated normalization procedure
of the diffraction curves in the case of hydrogenated sam-
ples (cf. Sec. IV).

In addition, low-angle x-ray and neutron experiments
also show the presence of a small-angle maximum at
about 0.5 A, thus indicating that the same tendency to-
wards phase separation exists in these alloys. Finally, the
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FIG. 10. Neutron atomic pair-distribution functions for
Cuy sTig s amorphous hydrides loaded from the gas phase.

similar behavior observed in calorimetry experiments (see
Paper II) confirms that gas-charged samples are essential-
ly identical to the electrolytically-charged ones.

VIII. CONCLUSION

To summarize, this extensive study of amorphous Cu-
Ti hydrides shows that hydrogen absorption in these me-
tallic glasses leads to a phase separation between copper-
rich and titanium-hydrogen-rich regions. All the experi-
mental results presented here (small-angle and large-angle
x-ray and neutron scattering) indicate the formation of
small (~10-15 A) Cu and TiH, regions whatever the
method of hydrogen loading (by electrolysis or from the
gas phase). It also appears that such a phase separation
does not depend on the alloy composition, as shown by
previous anomalous x-ray and neutron scattering experi-
ments on Cuy ¢;Tig 33 hydrides.'!

This study also explains the discrepancies we found.

previously concerning the maximum hydrogen content of
these alloys.>® It is clear that if hydrogen loading leads
to a reorganization of the metallic matrix so as to create
more Ti-Ti interactions, the hypothesis of a “rigid ma-
trix” used in our first computer simulations is no longer
valid. Furthermore this could simply explain why the
amorphous Cu-Ti hydrides absorb more hydrogen than
the crystalline ones, because of the larger number of
tetrahedral Ti, sites.

The existence of small TiH, regions agrees quite well
with our quasielastic neutron scattering results*> which
showed that hydrogen performs a fast localized motion
and that more and more hydrogen atoms are trapped as
their concentration increases.

Concerning the mechanism of formation of this small-
scale phase separation, the thermal evolution (Paper II)
indicates that such a structure does not change up to
about 360 K at which temperature long-range crystalliza-
tion takes place. This implies that a metastable
configuration is achieved at room temperature. A possi-
ble explanation could be that hydrogen induces only

nearest-neighbor structural rearrangements between met-
al atoms (local Cu-Ti permutations for example) but no
longer range reorganization. The result of such local per-
mutations can be very well understood in the simple case
of a unidimensional chain of ( 4,B) atoms. Starting for
example from a chemically-ordered configuration with
only A-B nearest-neighbor pairs, the permutations of
these pairs will lead (i) to a decrease of the number of
A -B pairs to the benefit of 4-A4 and B-B ones, and (ii) to
the appearance of a A-A-B-B... super periodicity,
which is directly related to the small-angle maximum in
the scattering curve. This agrees with the preliminary
simulation results presented here which show that such
nearest-neighbor interchanges are sufficient to reproduce
the main features of the diffraction curves.

Note added : Since this paper was submitted, Harris
et al.>* proposed a model for hydrogen absorption in
amorphous transition-metal alloys on the basis of experi-
mental results obtained in Ni-Zr-H glasses. Their claim
that this model also applies to Cu-Ti-H glasses (i.e., hy-
drogen occupies Ti;, Ti;Cu, and a fraction of Ti,Cu,
tetrahedral sites of the chemically disordered Cu-Ti ma-
trix) is clearly ruled out by the results presented here (no
evidence of Cu-H correlations and segregation of Cu and
Ti atoms upon absorption of hydrogen). We hope to
comment further on their paper in a forthcoming publi-
cation which will present our results of computer simula-
tion in more details.
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FIG. 11. Comparison between I (q) of Fig. 3 and the scatter-
ing curve of a crystallized (Cuy sTiy 5)H, 57Dy »7 alloy.
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APPENDIX

As noted in Sec. VIA, the main problem for the
correction of the neutron scattering curves of hydro-
genated amorphous samples is the strongly decreasing
background due to the inelastic scattering of light atoms
with a mass comparable to that of the incident neutron.
To find an analytic expression for the g dependence of
this contribution, one has to consider the interaction be-
tween the hydrogen atoms and the surrounding metal
atoms. Expressions derived from models (ideal gas mod-
el?®) or real systems (scattering from a water molecule®)
can only be used for relatively small hydrogen contents,
which is not the case for our Cu-Ti hydrides
(H/M =0.84).

Nevertheless another approach can be used in some
cases by considering the scattering behavior of related
crystalline hydrides. This supposes that the local envi-
ronment of the hydrogen atoms in the amorphous alloy is
not too different from that in the crystalline hydride.
Such an approximation has been used for example by
Chieux et al.3® in amorphous Tb-Cu alloys with 4 at. %
hydrogen by comparing the scattering curve of the amor-
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phous alloy to that of a crystalline TbH, ¢ alloy.

Owing to the experimental results presented in this pa-
per, it is tempting to use such an approach for Cu-Ti-H
glasses since the local hydrogen environment appears to
be similar to that found in crystalline titanium hydride.
We thus performed neutron scattering experiments on
our Cu-Ti-H alloys after heating above the transforma-
tion temperature. Since the corresponding diffraction
curve now consists of Bragg peaks of Cu and TiH, super-
imposed on the g-dependent background, it is thus easy
to separate these two contributions. Figure 11 presents
the diffraction curve of (Cu, sTi, s)Hy 57,Dg 7 alloy after
heating to 473 K along with the smooth curve deter-
mined in Sec. IV A and noted I,(g). The fact that I ,(g)
closely reproduces the g-dependent background of the
crystallized sample justifies the procedure used in this pa-
per. The advantage of the method proposed in this Ap-
pendix is that the shape of the curve at small g can be
determined with more accuracy. But one should em-
phasize that this method is only valid in case where one
has some evidence of similar local structure between the
amorphous hydride and the crystalline hydride con-
sidered.
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