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Amorphous melt-spun Ti84Si16 was investigated by small angle neutron scattering (SANS) in the 
blank state as well as after loading with hydrogen or deuterium. The integrated intensity and the 
fractal dimension of the SANS signal change strongly with increasing H, D content. A model is 
proposed which explains the changes of the scattering signal. By means of this model it is concluded 
that melt-spun amorphous Ti84Si16 consists of two types of regions. The first type contains pure 
Ti and the composition of the second type is Ti80Si2o- The inner surfaces between these types of 
regions have fractal features. 
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1. Introduction 

The short range order of amorphous titanium-sili-
cides, produced by sputtering or melt-spinning, has 
been investigated in recent years [1, 2]. The medium 
range order of many amorphous alloys is character-
ized by inhomogeneities which give rise to a small an-
gle neutron scattering (SANS) signal. Former inves-
tigations of hydrogenated Ti-containing amorphous 
alloys [3] showed that concentration fluctuations in 
the bulk are responsible for the SANS signal. These 
fluctuations may extend from some ten up to several 
thousand Angstroms. 

In the present work amorphous Ti84Si16 alloys 
which were loaded with different amounts of hy-
drogen were investigated by small angle neutron 
scattering. The hydrogen is incorporated inhomoge-
neously into the samples because of the inhomo-
geneous medium range structure of the amorphous 
alloy. Thus the hydrogen changes the SANS signal 
and can be employed as a probe for the nature of 
the heterogeneities. Isotopic substitution of hydrogen 
by deuterium causes different changes of the SANS 
signal owing to the opposite signs and different ab-
solute values of the coherent scattering lengths of 
H and D (Table 1). In the present work a model 
for the composition of the inhomogeneities and the 
character of the inner surfaces between two types 
of regions is proposed which is compatible with the 
SANS experiments. The present model is a refinement 

of a model which has been proposed in a previous 
study [3], 

Table 1. Coherent scattering lengths b [4]. 

Ti Si H D 

b [10~12cm] -3.438 0.4169 -0.3741 0.6674 

2. Theoretical 

2.1. Differential Cross Section 

Samples which consist of two phases with different 
scattering length densities give rise to a SANS signal. 
For an isotropic system the differential cross section 
for coherent scattering per atom is [5, 6] 

= - U , ^ ) 2 ^ f tfy(R)^dR, (1) 
di? po J QR 

where Q = 47r(sin#)/A, 29 = scattering angle, A = 
wavelength, po = number density of the sample, R = 
coordinate in real space, Ar] = difference of the scat-
tering length densities of the two phases, v\, -
volume fractions of the two phases, 7 ( R ) = autocor-
relation function of the scattering length density. 

2.2. Fractal Dimension 

For the SANS of metallic glasses at small Q-values 
often a power-law I(Q) ~ Q~s was observed, where 
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Table 2. Blank and hydrogenated Ti84Si16; cH(D): H, D con-
tent [at-%], / H ( D ) : enhancement factor of SANS according 
to (3), Ds: fractal dimension. 

Series of experiments CH(D) \ / /H(D) 

I 0(H) 2.76 
10(H) 2.1 2.78 
12(H) 2.1 2.69 
34 (H) 2.3 2.60 
41(H) 4.9 2.25 

0(D) 2.85 
3(D) 1.4 2.71 
6(D) 1.2 2.81 

16(D) 1.5 2.77 
19(D) 1.4 2.69 

II 0(H) 2.68 
24 (H) 2.0 2.59 
26 (H) 1.4 2.78 
36(H) 1.8 2.70 
51(H) 1.6 2.55 
0(D) 2.73 

13(D) 1.4 2.86 
15(D) 1.6 2.70 
20 (D) 1.4 2.72 
31 (D) 1.4 2.78 

III 0(H) 2.68 
45 (H) 3.5 2.33 

0(D) 2.73 
30 (D) 1.9 2.62 

- 5 was found in the range between - 3 and -A. Ac-
cording to [7] it is possible to introduce a fractal di-
mension Ds of the surface of the scattering regions: 

I(Q) ~ Q~6+Ds = Q~s. (2) 

For Ds = 2 the surface is smooth and for Ds >2 
the surface has fractal properties which means that 
it is rough. The power-law scattering of amorphous 
metals with - 4 < — S < - 3 can be explained by the ex-
istence of inner self-similar surfaces whose roughness 
is characterized by a fractal dimension 2 < Ds < 3. 

2.3. Enhancement Factor 

To compare the strength of the SANS signal of 
the H(D) loaded samples, /H(D)(Q)' that of an 
unloaded sample, /0(Q), an enhancement factor / H ( D ) 

is defined: 

j /H(D)(Q)<1Q = /H(D) J HQ)dQ. (3) 

3. Experimental 

3.1. Specimen Preparation 

Amorphous Ti84Si16 ribbons were produced by the 
melt-spinning method [8], The ribbons were several 
meters long, between one and two millimeters wide 
and 20 to 30 |4m thick. The H(D) loading was done 
by electrolysis. The ribbons were wound around a 
cylindrical PVC frame and were connected with a Cu-
cathode. In the center of the PVC frame a Pd wire was 
fixed as an anode. A 1 M solution of H 2 S0 4 (D2S04) 
was used as electrolyte. The temperature of the elec-
trolyte was 65 °C, the current 50 mA and the voltage 
2.4 V. The process of H(D) loading for the higher 
H(D) contents took several hours. An undesired ef-
fect was the thickness reduction of the ribbons by 
etching. Thus the final thickness of the higher loaded 
ribbons was only between 10 and 15 |im. The time 
needed for the D loading was about twice as long as 
for the H loading. Therefore it was not possible to 
prepare samples with more than 31 at-% D. In Ta-
ble 2 the H(D) loaded samples are listed. After the 
loading process the H(D) content of the samples was 
analyzed by the method of carrier-gas hot-extraction 
at 1100 °C. X-ray diffraction showed that the sam-
ples were still amorphous after H(D) loading. For the 
SANS experiments it was necessary to fix up to 50 
layers of ribbons on top of each other. 

3.2. Small Angle Scattering 

The SANS experiments were performed at Lab-
oratoire Leon Brillouin, CEA-CNRS, C.E. Saclay, 
France with the instrument PACE and at Hahn Meit-
ner Institut, Berlin, Germany with the instrument V4. 
At PACE two different settings (A = 6 A, sample-
detector distance S D = 2.5 m and A = 14 A, SD = 
4.7 m) were chosen to cover by overlapping runs the 
Q-range from 2.8 • 10 - 3 A - 1 up to 0.13 A - 1 . At 
V4 three different settings (SD = lm, 4m, 16m, A = 
14 A for all three settings) were needed to cover the 
Q-range from 3.8 • 10 - 3 A - 1 up to 0.27 Ä" 1 . For the 
experiments at PACE the samples have to be isotropic, 
because this instrument delivers only one-dimensio-
nal data. The isotropic scattering of the samples was 
confirmed at V4 which is equipped with a two-dimen-
sional detector. 

The measured intensities were corrected for back-
ground and absorption. The conversion into absolute 
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Fig. 1. Small angle neutron scattering cross sections with blank (0 at-% H) and H(D) loaded amorphous Ti84Si16: log-log 
plot of da/di? versus Q for three series of samples. 



A. Pojtinger et al. • Medium Range Structure of Hydrogenated Amorphous Ti84Si,6 707 

= 1/2 

5 -

4 -

3 -

2 -

a) i \ i \ 
I V 
/ \ 

I 

. I \ 
4 - V 

p -"•'• * : a a - • . , A ~ ~ -

• r 1 ^ u i " ' 
a c 

1 1 1 1 1 1 T 1 1 1—. 
0.0 0.1 0.2 0.3 0.4 0.5 

3.0 

2 . 8 - ^ ft...A. 

Da 

2 . 6 -

2.4-

2 . 2 -

2.0 

\ rough surfaces 

-ft-A 
A A 

A-

b) 

smooth surfaces 

- * — r ~ 

0.0 0.1 

- 1 — 1 — r ~ 
0.2 0.3 

C 
H,D 

-"i— 
0.4 

—i— 
0.5 

Fig. 2. a) enhancement f a c t o r / 7 2 of the SANS signal due 
to H(D) loading according to (3), b) fractal dimension D s 
of the inner surfaces according to (2). • loaded with H, A 
loaded with D. The dashed lines (long for H, short for D) 
show the trends o f / / 2 and Ds versus cH D as guide for the 
eye. 

scattering units was done with the incoherent scat-
tering signal from a vanadium standard in the range 
Q > 0 . 1 A ~ 1 . 

4. Results 

Figure 1 shows the scattering cross sections of the 
H(D) loaded samples and the corresponding blank 
samples in a log-log plot. According to [7] and (2) 
the fractal dimension Ds of inner self-similar surfaces 
was determined from the gradient of the SANS signal 

in a log-log plot. The enhancement factor/H(D) was 
determined as defined in (3). Ds and /H ( D ) are listed 
in Table 2. Figure 2a) shows the square root of / H ( D ) 

and Fig. 2b) the fractal dimension Ds. 
The square root of the enhancement factor in-

creases with increasing H(D) content up to about 10 
at-% H(D). The value o f / H ' / 2 is twice as high as 
/d 1 / 2 . From 10 at-% to 30 at-% H(D),/H

1 /2 and f ^ ' 1 

decrease with increasing H(D) content. But then the 
SANS signal increases very strongly for concentra-
tions up to 41 at-% H, whereas D s becomes smaller. 
For H contents higher than 41 at-% the SANS sig-
nal decreases and Ds increases. This rather surprising 
result will be explained in the following section by 
means of a model. 

5. Discussion 

A SANS signal can be produced by an inhomo-
geneous distribution of the scattering length density 
inside the irradiated volume; This may be caused 
by density fluctuations or by compositional fluctu-
ations [3]. On the other side, also irregularities on the 
outer surfaces of the amorphous ribbons have to be 
considered as a possible source of SANS [9]. How-
ever, ribbons with different thicknesses, i. e. with dif-
ferent ratios of the outer surface to their volume were 
measured and no correlation between the SANS sig-
nal and the relative amount of outer surfaces was ob-
served. Therefore, in the case of the Ti84Si16 ribbons 
investigated in the present work, the SANS had to be 
attributed to the volume. The possible sources of the 
SANS signal were investigated in [3], and the result 
for melt-spun Ni16Ti68Si16 was that the SANS signal 
cannot be caused by fluctuations of the local atomic 
number density alone but must be due to composi-
tional fluctuations. Of course, these give rise also to 
density fluctuations depending on the different molar 
volumes of the constituents. 

A further important point for the following consid-
erations is that according to (1) the SANS signal is 
proportional to the product of the volume fractions of 
the two phases with different scattering length den-
sities. Furthermore, the SANS signal is proportional 
to the square of the difference Ar] of the scattering 
length densities. Therefore the square root of /H ( D ) is 
plotted in Fig. 2a) as a measure of the contrast Aij. The 
dependence of / H ( D ) on the H(D) content in Fig. 2a) 
does not show a monotonous behaviour but indicates 
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Fig. 3. Model for the process of H(D) loading of amor-
phous Ti84Si16 with increasing H(D) content at different 
stages, a) without H(D), b) diffusion of H(D) into Ti regions, 
c) Ti regions saturated with H(D), d-f) diffusion of H(D) 
into Ti-Si regions. At stage f) the Ti-Si regions are almost 
saturated. 

a quite complicated nature of the H(D) incorporation, 
where three rather surprising effects occur: 

1) The scattering lengths of H and D have opposite 
signs. Thus one would expect that an increase of the 
SANS signal due to H loading would be accompanied 
by a decrease of the SANS signal due to D loading, 
and vice versa. However, the SANS signal for the H 
loaded samples as well as for the D loaded samples is 
higher than for the blank samples. 

2) The absolute value of the scattering length of 
D is about twice as large as that of H. According 
to (3) we would expect the ratio of fH

]//2/fD
1^2 to be 

about 0.5. However, Fig. 2a) shows that the ratio is 
about 2. 

3) The third remarkable effect is the strong increase 
o f f H

x ' 2 in the range from 30 at-% H to 41 at-% H. 
This increase is accompanied by a decrease of the 
fractal dimension Ds in Figure 2b). 

In the following a model for the explanation of 
these effects is proposed which is illustrated by means 
of the Figures 2 - 4 . The model is based on the view 
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Fig. 4. Sketch of the scattering length densities 77 and dif-
ferences A77 for the two types of regions, Ti and Ti80Si2o-
?70: without H(D), ?7XiH(D): with H(D). 

that in Ti rich amorphous ribbons, such as Ti84Si16, 
there are regions (I) consisting of Ti only, and re-
gions (II) which contain Ti and Si. The H(D) concen-
tration range in Fig. 2a) can be subdivided into the 
ranges a-f where apparently different structural phe-
nomena occur which will be discussed in the follow-
ing. 

Ranges a, b, c 

Wide angle scattering with hydrogenated Ti84Si16 

[ 10] showed that the hydrogen atoms prefer Ti nearest 
neighbours. Thus it can be assumed that H(D) atoms 
first of all occupy the Ti regions. This behaviour is 
illustrated in Figs. 3a), b), c) and corresponds to the 
ranges a, b, c in Figure 2a). The scattering length 
density of the pure Ti regions is more negative than 
that of the Ti-Si regions because the scattering length 
of Ti is negative and that of Si is positive. Note, that 
for the Ti-Si regions the scattering length density is 
negative, too, because of the higher Ti content. Fig-
ure 4 illustrates this case. r/0' is the scattering length 
density for the blank Ti regions and 770

n for the blank 
Ti-Si regions. At70 is the difference of the scattering 
length densities in the blank samples. It is clear that H 
in region I increases the contrast Ar]H, whereas D first 
causes a decrease up to a D content where r]TlD

l = ri0
u. 

Then the contrast increases again with increasing D 
content. This would mean, that the SANS signal of the 
D loaded samples has to decrease until ijT{D

l = r]0
u. 

At this point no SANS signal should be visible. With 
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further addition of D the SANS signal must increase 
again. However this behaviour was not observed. The 
SANS signal of the D loaded sample is always higher 
than for the blank sample. This behaviour can be ex-
plained by the idea that the D atoms permeate the 
regions I as a diffusion front (Fig. 3b)). In the part of 
the loaded Ti regions the D content is always higher 
than the D content for r/TlD

] = r]0
u. This case is shown 

in Fig. 4, where riTlD
l > r]0

n. Ar]H{D) is the difference 
of the scattering length densities between the H(D) 
loaded part of regions I and the unloaded regions II. 
The H and D atoms form a diffusion front which has 
permeated the Ti regions completely in Figure 3c). 
When the Ti regions are permeated completely, the 
difference of the scattering length densities will have 
a maximum. This maximum can be determined at 10 
at-% H(D) in Fig. 2a), point c. Note, that the H(D) 
content in the regions I is about 36 at-% because the 
value of 10 at-% refers to the whole sample (see be-
low). 

Now it is possible to make a statement about the 
composition of the two types of regions. The supposi-
tion is that regions I consist of titanium only and that 
these regions are completely permeated at 10 at-% 
H(D). Then the Ti content of regions II can be deter-
mined from the condition that the calculated values of 
/h 1 / 2 and/d1 /2 correspond to the experimental values. 
The difference of the scattering length densities for 
the blank sample can be calculated from 

\RFRI " ^TISIL = IPTI&R. ~ PTISI(C?I&RI + 4 M , (4 ) 

where p denotes number densities, and c^ + cfJ = 1. 
The difference of the scattering length densities for 

the H(D) loaded sample, where H(D) is embedded 
only in regions I, is: 

I ^ T i H C D ) ~ ^ T i S i l = I P T i H ( D ) ( c T i & T i + C H ( D ) & H ( D ) ) 

(5 ) 

- A i f t + W 

where c^ + Ch(D) = 1 and c^ + cjJ = 1. 
The volume fractions of both types of regions 

are constant, and thus it is not necessary to take 
them into account. Now we obtain the following re-
sult: If there is an amount of 10 at-% H(D) in the 
Ti84Si16 alloy, corresponding to the first maximum 
°f/H(D)1//2(cH(D))> a n d if this amount is incorporated 
only in the Ti regions I, the value of will be 
2.3 and the value of f D

1 / 2 will be 1.4, in case the 
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composition of the regions II is Ti80Si20. These val-
ues o f / H ' / 2 and / D ' / 2 agree with the experimental 
results in Figure 2a). That means that the amorphous 
Ti84Si16 alloy is phase separated into Ti regions and 
Ti80Si20 regions. The H(D) content in the Ti region 
is 36 at-%. 

Ranges d, e, f 

When the regions I are permeated completely, fur-
ther H(D) will begin to be incorporated also in re-
gions II (Fig. 3d)). This will reduce the contrast be-
tween the regions I and II and thus cause a decrease 
°f/H(D)1//2- This behaviour can be observed in Fig. 2a) 
up to about 30 at-% H(D). 

In the range e from about 30 at-% H to 41 at-
% H the SANS signal increases very strongly. At 
the same time, the fractal dimension DS, which is 
ascribed to the inner surfaces, decreases. This means 
that within this H(D) composition range there are new 
and smoother inner surfaces which separate two areas 
with different scattering length density. This effect can 
be observed with the D loaded samples, too, but only 
allusively because samples with more than 31 at-% D 
could not be prepared by electrolysis. The H inside the 
samples must be responsible for this smoother inner 
surfaces, assuming that the structure of the samples 
is not changed by the H loading. This effect must be 
dominant because/H

ly/2 increases strongly. At 41 at-
% H, / h ' /2 starts to decrease and the fractal dimension 
Ds increases. 

These experimental results can be incorporated into 
the model. Figures 3d), e), f) illustrate the process of 
the diffusion of the H atoms inside the Ti84Si16 rib-
bons. Figure 3d) shows the beginning of the diffusion 
of H into the regions II, which causes a reduction of 
the difference of the scattering length densities be-
tween regions I and II. But with increasing H content 
in regions II a new diffusion front is built up, which 
leads to a new difference of the scattering length den-
sities and an additional contribution to the SANS sig-
nal. At the beginning of the diffusion of H through 
the fractal inner surfaces the change of the fractal di-
mension Ds is very small (range d). Figures 3d) and 
e) illustrate why DS becomes smaller with increasing 
H content in the regions II (range e). The areas near 
the fractal inner surfaces are loaded with H gradu-
ally, and thus H permeates the regions II in form of 
a smoother diffusion front and Ds becomes smaller. 
For the dominance of this effect there are two reasons. 
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Firstly the contrast between regions I and regions II 
becomes smaller, and secondly the regions II occupy 
about 80% of the volume of the whole sample. The 
SANS signal which is caused by the diffusion front 
of H in the regions II is proportional to the product of 
the loaded and the unloaded volumes of the regions II. 
At the beginning of H diffusion into the regions II the 
product of the loaded and unloaded volumes of the 
regions II is very small and the surface of the dif-
fusion front is very rough. Are the volumes of the 
loaded and the unloaded parts of the regions II the 
same, their product attains the maximum value and 
thus the SANS from the regions II will be maximum 
(around cH = 0.4 in Fig. 2a)). The diffusion front is 
very smooth and this effect dominates (Ds = 2.2 in 
Fig. 2b)). With increasing H content of the regions 
II the product of the loaded and unloaded volume 
fractions and thus the dominance of this effect again 
decreases. Ds becomes larger, because the SANS ef-
fect between regions I and II will be less covered by 
the effect of the diffusion front in regions II. When the 
regions II are permeated completely by H, only the 
contrast between regions I and II remains, but now its 
level is lower because the contrast is reduced due to 
the fully loaded regions II. 

6. Conclusions 

Amorphous melt-spun Ti84Si16 exhibits a small an-
gle neutron scattering (SANS) effect, which is caused 
by compositional fluctuations. The SANS signal is 
changed by loading the Ti84Si16 ribbons with hydro-
gen or deuterium. On the basis of these changes a 
model of H(D) diffusion into amorphous Ti84Si]6 al-
loys is introduced. It is suggested that the medium 
range order of the amorphous alloy consists of two 
types of regions, Ti and Ti80Si20- The volume fraction 
of the Ti regions is about 20 pet. The inner surfaces 
between the two types of regions have a fractal char-
acter. 
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