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In the present work scattering experiments with cold neutrons are described, which were done 
with molten Bi-Cu alloys in the region of small momentum transfer (0.08 1 - I  < I( < 1.5 kl). 
Using the time-of-flight method of analysis for the scattered neutrons, the inelastically 
scattered neutrons were separated from the elastically scattered neutrons. The coherent 
scattering cross section was obtained by integration as the area below the quasielastic line 
and shows a strong increasing tendency with smaller momentum transfer, especially for the 
molten alloys in the mid-concentration region. This can be explained by the existence of 
regions with one kind of atoms within the molten alloys. 

These inhomogeneities are considered from a more dynamic point of view according to 
Ornstein 'and Zernike as concentration fluctuations, the correlation length of which can be 
determined to be approximately 2A. Using the more static interpretation according to 
Guinier, the regions can be regarded as so-called clusters with spherical shape. These clusters 
consist either of Cu or of Bi atoms and have a diameter of about 6A, which corresponds 
to the diameter of the first coordination shell. 

With a melt containing 50 at.% Bi, the scattering cross section in the drection of the 
primary beam decreases by about 400/, when the temperature is increased from 800 to 1 lOO"C, 
the diameter of inhomogeneities remaining nearly constant. 

tPar t  of the thesis work of W. Zaiss, University of Stuttgart, 1975. 
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1 INTRODUCTION 

W .  ZAISS,S. STEEB ANDG.  S. BAUER 

The structure of molten Bi-Cu alloys was investigated in Ref.’ by diffraction 
of thermal neutrons (A, = 1.2 A) with the result that the melts in the mid- 
concentration region show a tendency to segregation. Therefore, it was of 
interest to investigate the region of small momentum transfer ( K  < 1SA-I) 
for the existence of scattering effects caused by this tendency to segregation. 

Scattering experiments on molten binary alloys showing a tendency to 
segregation were described in R ~ ~ s . ~ J * ~ .  In Ref.2 the critical opalescence 
in the Bi-Ga, Bi-Zn, and Ga-Pb systems was investigated by means of cold 
neutron scattering. In  ref^.^.^, on the other hand, the method of small 
angle X-ray scattering was used for the detection of segregated regions 
within molten Al-Sn and Al-In alloys, respectively. Since Bi has a rather 
large cross section for X-ray absorption, the optimum thickness of the 
melts under investigation would be far below 0.1 mm. Therefore, the present 
investigation with molten Bi-Cu alloys was carried out using cold neutrons 
(A, = 8 A), since with the technique of neutron scattering, the specimen 
thickness can be up to several millimeters. The experiments were done with 
the aid of the disorder scattering spectrometer at the KFA Jiilich’. 

2 THEORETICAL BACKGROUND 

For historical reasons most of the theoretical background for the descrip- 
tion of scattering effects in the region of small and very small momentum 
transfer is to be found in literature under the item “small angle X-ray 
scattering”6. Using cold (long-wavelength) neutrons as a probe led to cor- 
responding momentum transfer also at larger scattering angles. 

Strong scattering effects are always observed in these n-regions, if the 
specimen contains regions whose scattering length is different from that of 
the surroundings (“formation of clusters”). Such segregation at the atomic 
level is also possible within the homogeneous liquid solution of binary 
molten alloys. Since the differential scattering cross section can be calcul- 
ated as the square of the scattering amplitude. The part of the differential 
cross section caused by fluctuations can in general be described according to 
Schmatz ef a1.l as a fluctuation of scattering length density 1 0 :  
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COLD NEUTRON MEASUREMENTS ON BISMUTH-COPPER ALLOYS 23 

with 6, = scattering length of the nucleus at position r, 
N = Number of scattering nuclei in the irradiated volume V 
i = mean scattering length density 

rl: is the difference between the wave vector k, of the incident and the wave 
vektor k, of the scattered neutrons: 

rc = k, - k, (3) 

Since theoretical treatments of the description of fluctuations in scattering 
length density in melts are not yet known, the scattering cross section for 
finite values of K will be calculated in two ways: firstly, on the assumption of 
concentration fluctuations, that means with a more dynamic model 
(Omstein-Zernike method); and secondly, on the assumption of segregated 
regions, i.e. with a more static model (Guinier method). 

However, it is possible to calculate the scattering cross section for zero 
momentum transfer, i.e. K = 0. 

2.1 

The scattering cross section for coherent scattering can be obtained from 

Calculation for K = 0 

Es. (4): 

with <b) = clb,  + c2b2 
c, 
b, 

= atomic concentration of component i &ci = 1) 
= mean scattering length of component i 

Ab = b, - b2 
It should be noted in connection with Eq. (4) that for scattering with melts 
the wave vector K. may be replaced by its absolute value. The terms Sm, 
Scc ,  and SNC for K. = 0 have the following meaning according to 9:  - 

Scc (0) = N * (A  c)’ 

with 

(AC)’ is the mean .square deviation of the concentration and (,ANY the 
mean square fluctuation of number density within the volume V. With the 
aid of Eqs. ( 5 )  to (8) the coherent scattering cross section for w = 0 can 
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24 W .  ZAISS, S. STEEB A N D  G .  S. BAUER 

be calculated as follows: 

d.01 dn COH 
= (b)ZT (AN)Z + N m [ b . S  - (Ab)I2 (9) 

Acco'rding to this equation, - is determined by the concentration and 

density fluctuations existent within the melt. Using the thermodynamic 
relationships formulated in Ref.'O EQ. (9) gives Eq. (10): 

dQ 

with 

and po = mean number density of the alloy 
p , ,  pz = partial number density of component 1 or 2 in the 

3, = po,l bi = scattering length density for component i 
po,, = mean number density of component i 
k, = Boltmann's constant 
X ,  = isothermal compressibility 
a, = thermodynamic activity of component i 

alloy 

For the purpose of discussing Eq. (10)' the first term on the right side is now 
expressed as follows (comp. Ref."): 

with X ,  = adiabatic compressibility 
cp = specific heat at constant pressure 
c, = specific beat at constant volume 

According to Eq. (12) the density fluctuations can be expressed in the 
form of two independent contributions. The first part of Eq. (12)describes 
the propagating contributions, which are caused by longitudinal adiabatic 
sound waves. These propagating contributions give rise to inelastic scatter- 
ing (Brillouin doublet). 

The second part of Eq. (12) on the other hand contains the nonpropagat- 
ing thermal fluctuations. These local temperature fluctuations cause quasi- 
elastic scattering. The half width of the quasielastic peak thus formed is 
proportional to the thermal diffusion coefficient. 

The second term of the right side of Eq. (10) describes the local, i.e. non- 
propagating concentration fluctuations which cause quasielastic scattering. 
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COLD NEUTRON MEASUREMENTS ON BISMUTH-COPPER ALLOYS 25 

The scattering cross section for this contribution depends on the partial 
atomic densities of the components (“atomic volume effect”), but is also 
proportional to the squared difference of the scattering lengths. 

2.2 
a. Omstein-Zernike method In the neighbourhood of the liquid-gas phase 
transition within one component liquids long-range density fluctuations 
occur, the local temperature fluctuations, however, dominating over the 
propagating density fluctuations. This is the case, since in this region c, as 
well as X ,  reach rather large values, whereas c, remains finite (comp. Eq. 
(12)). The scattering effect resulting for these conditions is known in optics 
as critical opalescence. Analogously, local concentration fluctuations with 
submicroscopical dimensions occur in binary liquids above the liquidus’*. 
Ornstein and Zernike” were the first to calculate a correlation function for 
a liquid near the liquid-gas phases. The Fourier transform of this function 
was used by Fisher“ to determine the cross section of the concentration 
fluctuations: 

Method of evaluation for K: # 0 

5 is the so-called correlation length. Q. (13) in this form is only valid for 
small K .  

b. Guinier method The theory developed by Guinier6 for the scattering of 
colloidal solutions was applied for the first time in Ref.3 to binary melts 
with a tendency to segregation. The main difference between colloidal solu- 
tions and such metal melts lies in the fact that the lifetime of inhomo- 
geneities (clusters) within melts is very small compared to that within 
colloids. Nevertheless, on a time average it is possible to deduce the magni- 
tude and concentration of these clusters from scattering experiments. 

The melt has to be considered a two-phase system in which particles with 
scattering length density qp and concentration wp on the one hand and 
the matrix with scattering length density qm and concentration (1 - w,) on 
the other exist in a homogeneous distribution. The corresponding scattering 
cross section follows as6J5: 

loH = p,wp(l 1 - w p ) -  v , ( A q ) 2 F ( ~ )  

with A7 = 77, - qm 
V, = volume of one particle 

i(.) = form factor of one particle (i2(0) = 1) 
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26 W. ZAISS,S. STEEB A N D  G. S .  HAUER 

For the validity of Eq. (14) it is necessary that the particles have no size 
distribution. 

Furthermore, it is valid only for dilute systems without interparticular 
interferenceI6. For small K Guinier’s approximation gives 

& is the radius of gyration. For the case that the scattering particles are 
spheres with constant density within each sphere, the radius of the sphere 
4 may be calculated as 

2.3. 

Scattering processes within melts are inelastic or quasielastic (see Ref. I t ) ,  

i.e., neither coherent nor incoherent elastic scattering is observed. From 
Eq. (3) the momentum transfer for the scattering process can be obtained as 

fig = lik, - hk, 

Fundamental consideration of the scattering of cold neutrons 
by melts 

(17) 

The energy transfer is obtained as 

(18) 
h2 
2m 

liw = E, - E, = -(ki - kt) 

with m = neutron mass. 
Figure 1 shows the combinations of liw and l i w  allowed by Eqs. (16) and 

(17) for the wavelength A, = 8A (E, = 1.3 mew, the parameter being the 
scattering angle 28. 

A detector located at the scattering angle 20 can detect scattered neutrons 
if the curve for this angle in Fig. 1 passes through regions in which the 
scattering function of the specimen deviates from zero. For liquids this 
always is valid for all K in the region liw -+ 0, where quasielastic scattering 
takes place, or for inelastic scattering with high frequency modes. As an 
example, Fig. 1 shows the results for molten All7 (instead of molten Cu) 
and for molten BiI8. Both curves are connected by a hatched region, drawn 
schematically, by which attention may be drawn to the fact that for melts 
no distinct dispersion relations hold. 

Intersections in the region liw > 0 mean energy-loss scattering of the 
neutrons, intersections in the region liw < 0 mean energy-gain scattering. 
The maximum energy loss of a neutron during one scattering process cannot 
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COLD NEUTRON MEASUREMENTS ON BISMUTH-COPPER ALLOYS 27 

FIGURE 1 
neutron energy E,, = 1.3 meV. 

Combinations of momentum transfer f i ~  and energy transfer KO for a primary 

be greater than its primary energy. For this case, according to Eqs. (18) 
and (17) the neutron will loose its total momentum and all curves for all 
scattering angles will intersect at the point Ew = E, and K = k,. Energy- 
loss scattering (see Figure 1) can be supressed by a convenient choice of 
incident energy E, of the neutrons. However, scattering by energy gain of 
the neutrons always can take place, since intersections of the energy- 
transfer curve with the hatched regions in Figure 1 may always exist through- 
out the region Ew < 0. It is therefore necessary, for example, with the 
neutrons (A, = 8A) used in the present work, to separate the inelastic and 
the quasielastic scattered neutrons. This is done by pulsing the primary 
beam and carrying out time-of-flight analysis on the scattered neutrons. One 
%-value, namely 47c- can be ascribed to the integral over the quasielastic 

peak, which is a measure of the scattering cross section of the local fluctua- 
tions. 

sin 8 
A0 
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3 EXPERIMENTAL OUTLINE 

W. ZA1SS.S. STEEB A N D G .  S. BAUER 

The experiments with long-wavelength neutrons (A, = 8A) were done on the 
disorder scattering spectrometer of the KFA Julich. The spectrometer, 
originally developed for elastic diffuse neutron scattering, can be used for 
the determination of differential scattering cross sections of liquids, since 
it yields rather high scattered intensities, which are preferred to high angular 
resolution. Thus, the measurements can be done during acceptable lengths 
of time. The spectrometer itself is described in Ref.' and is shown in a 
schematic diagram in Figure 2. Using the mechanical velocity selector, the 
desired wavelength can be obtained from the original spectrum. For a 
desired wavelength of A, = 8A, the selector must rotate with 2200 rpm. 
A Fermichopper which pulses the beam at a frequency of 305 cps is mounted 
in front of the specimen. The detection of scattered neutrons is done by 
30 BF, counters mounted at certain positions at a distance L = 80 cm 
between scattering angles of 20 between 6" and 147.2". For time-of-flight 
analysis, the detectors are used together with 64 time channels with a 
channel width of 46 psec for each channel. 

The furnace allows experimental temperatures up to 1300"Cwith ahomo- 
geneous temperature distribution at the specimen site. To avoid elastic 

FIXEDLY MOUNTED DETECTORS 
WITH C d S C R E E N I N G  7 

FIGURE 2 Horizontal section through the disorder scattering spectrometer at the height 
of the experimental plane'. 
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COLD NEUTRON MEASUREMENTS ON BISMUTH-COPPER ALLOYS 29 

background scattering, niobium, which has a small incoherent scattering 
cross section, is used as the material for the directly heated furnace tube. 
The other parts of the furnace which could be reached by neutrons are also 
made of niobiumI9. Replacement of the furnace tube, which is necessary 
after each 80 hours, is possible without any special readjustment. Also, the 
specimens can be changed while the furnace is at high temperature. The 
temperature is controlled electronically, a NiCr-Ni thermocouple just below 
the specimen inside the furnace tube being used as a sensor. The specimen 
temperature was measured by a second thermocouple mounted directly at 
the specimen site. 

Since mainly the scattering cross section in the direction of the primary 
beam is to be determined from the measurements, flat specimens with a 
thickness of 4 mm are used. The alloys were melted under vacuum in an 
induction furnace and cast into a cooled rectangular graphite mold 4 mm 
thick, 32 mm wide, and 90 mm high. Afterwards, the specimen was refined by 
an ultrasonics treatment. The containers were made of molybdenum, since 
this material has a rather small incoherent scattering cross section and there- 
fore shows only a small scattering background at the position of the elastic 
line. The plane-parallel rectangular containers were produced by electron 
beam weldingz0. 

The experiments were done automatically. All measurements were made 
using a constant pulse number set on a monitor counter which was mounted 
between the velocity selector and the chopper. This was possible since the 
reference scatterer as well as the melt showed equal scattering rates. 

After the furnace had reached the experimental temperature the specimen 
was lowered into the furnaceinto a vertical position. Since with this arrange- 
ment the counting rate for the detectors at 20 = 90" was seriously influenced 
by absorption within the specimen and the specimen holder, the specimen 
had to be turned around 45" so that these counters were alsoilluminated. 
The beam itself was collimated using gadolinium and cadmium foils such 
that neither the frame of the container nor the specimen holder was ir- 
radiated, regardless of the position of the specimen. The beam was rectangu- 
lar with the dimensions 15 x 70 mm. One run lasted approximately2 hours; 
in each position the specimen was measured four times, thus altogether one 
specimen was under investigation for about 16 hours. To slow down the 
oxidation of the niobium heating tubes, the furnace was kept under vacuum 
conditions ( torr). For evaluation purposes, an empty molybdenum 
container also had to be investigated. 

Furthermore the measured data had to be normalized to the scattering of 
vanadium. Using a plate made of vanadium with the same dimensions as the 
specimens, the beam would experience large absorption and multiple scat- 
tering. Thus, a sandwich was used made from six sheets of vanadium, each 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



30 W. ZAISS, S. STEEB AND G .  S. BAUER 

0.1 mm thick. The width and height was the same as with the specimens, 
thus a correction for geometric effects could be avoided. 

The attenuation coefficient E necessary for calculating the absorption 
correction was determined in a transmission experiment and is plotted 
versus the alloy concentration in Figure 3. The absorption correction was 
made using the formalism given in Ref.z1. The correction for background 
was made using the scattering data of the empty molybdenum container. 

The probability for the occurence of multiple quasielastic scattering is 
rather high, if the inequation 0 < tcM < 2 k, is fulfilled, tcM being theposi- 
tion of the main maximum in the intensity curve of the melt. According to 
Ref.', for molten Bi-Cu alloys tcM lies between 2.2 A-l and 3.0 A-I. Since 
A,, = 8 A, for 2 k, we get 1.58 A-l ,  which is smaller than tcM. Thus, in the 
present case practically no multiply scattered neutrons may occur near I C ~  

and therefore no correction for multiple scattering is necessary. 
The differential cross section for coherent scattering per atom of the 

- 
=7 1.0- 
F e 

LJ 0.8- 

0.6 

0.4 

02- 

- 

- 

- 

- 
- 

O L  ' 20 ' 4 0  ' 60 ' 80 ' I I 

at .  %Bi - cu 

FIGURE 3 Coefficient of attenuation C for temperatures of 5" C above liquidus. 
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COLD NEUTRON MEASUREMENTS ON BISMUTH-COPPER ALLOYS 31 

melt under investigation is obtained from Eq. (19): 

with pv = number density of vanadium 1ZR, 1EOR = integrated intensity, corrected for absorption and background 
of the neutrons scattered quasielastically at the specimen or 
elastically at the vanadium scatterer. 

Refer to the last section of this chapter with regard to the terms elastic 
and quasielastic. 

For the determination of IgR and I&,,, the corresponding spectra of the 
single detectors in the so-called elastic channels are to be summed. The 
position of the elastic channels was obtained from the primary spectrum 
determined from the primary beam with the aid of the transmission monitor, 
which was also run in a time-of-flight mode. 

To separate the quasielastic from the inelastic scattered neutrons, only 
those pulses were regarded which contribute to that half of the elastic line 
which lies in the direction of the longer times of flight or larger channel 
numbers. This part of the elastic line certainly contains no inelastically 
scattered neutrons since practically no loss scattering occured in the speci- 
mens under investigation because of the low primary energy E,. 

See Ref.5 concerning the energy resolution of the spectrometer at the 
elastic line. The line width A E  with the primary energy E, = 1.3 meV 
amounted to 0.68 meV. If line broadening occurs by quasielastic scattering 
which is caused by diffusion within the specimen the relation 

E = ~ D I c '  holds. 

With D = 5.10-5 - cm2 which is normal for molten metals, we obtain 

AE = 0.006 meV for IC = 0.1 A-' and AE = 0.39 meV for K = 0.8 A-I. 
This example shows that the determination of diffusion coefficients by 
means of this spectrometer is not possible. The calculations are in agree- 
ment with the measurements; line broadening of the elastic line could not 
be observed, furthermore only the resolution function of the spectrometer 
was observed. 

sec ' 

4. RESULTS AND DISCUSSION 

Nine' different alloys were investigated, the experimental temperature 
always being 5 C above the liquidus temperature. In addition, the tempera- 
ture dependency was measured for the alloys containing 50 and 60 at.% Bi. 
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4.1 Time of flight spectra 

Figures 4a and b show time-of-flight spectra for the Bi-Cu melts together 
with the corresponding concentrations which were obtained from the 
counter which was mounted at the scattering angle 28 = 18,7". In each case 
the content of the channel is plotted versus the number of the channel, 
which is proportional to the time of flight. All spectra show an inelastic 
(channel number 10 to 30) and a quasielastic region (channel number 30 to 
60). The inelastic part is located at smaller times of flight, which means that 
all inelastically scattered neutrons have gained energy. Practically no loss 
scattering is observed. The inelastic region of the spectra shows no con- 
centration dependency; there is only -a slight shift to lower channels in the 
case of alloys with higher Cu concentrations. The quasielastic part of the 
spectra, however, depends very strongly on concentration. The quasielastic 
peak, which is a measure of local fluctuations within the melt, becomes very 
strong, especially for the middle concentrations. In contrast, the melts in the 
copper- or bismuth-rich region of the concentration range show a rather 
small quasielastic peak. 

Figures 5a and b show time-of-fight spectra for different scattering angles 
28 of an alloy containing 50at. % Bi, which was investigated at a temperature 

W. ZA1SS.S. STEEB A N D  G. S BAUER 
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4. 
" e  

O 

Bi-  lOCu 

channel number -- 
Time-of-flight spectra of the investigated melts at 28 = 18.7". FIGURE 4a + b 

of 830°C, the specimen being vertical to the beam. The value between 
square brackets is the momentum transfer K. for quasielastic scattering cal- 

culated according to the relationship K. = 4 n -. The spectra show for 

small scattering angles 28 an inelastic and a quasielastic peak With in- 
creasing scattering angle, the intensity of the latter decreases. For scattering 
angles 2 8 > 1 lo", it is practically only the inelastically scattered neutrons 
that are counted. Multiply inelastically scattered neutrons also occur within 
this region of the spectrum (see Ref.22). 

Spectra comparable to those presented in Figures 5a and b were also 
obtained by Wignall and Egelstaff with molten alloys of the systems Bi-Ga, 
Ga-Pb, and Bi-Zn. Only a few concentrations near the critical point were 
examined during those investigations. 

sin e 
4 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



34 W .  ZAISS,S. STEEB AND G. S. BAUER 

4.2 Coherent scattering cross sections 

Using Eq. (19), the coherent scattering cross sections were calculated for the 
different melts from the quasielastic scattering. The effect of local tempera- 
ture fluctuations on the quasielastic scattering is treated with the aid of 
Eq. (20), where the corresponding cross section in the direction of the 
primary beam is defined as: 

The thermodynamic data necessary for its determination were taken 
from Ref.’*. For all alloys under investigation, the values obtained for this 

scattering cross section are below 5 mbarn 
sterad.atom 

. These figures are negligibly 

small compared with the values determined experimentally. This scattering 
cross section from temperature fluctuations becomes remarkable at the 
liquid-gas phase transition, where the isothermal compressibility and also 
cp become very large. 

Thus, we can conclude that the coherent scattering cross sections deter- 
mined during the present work and presented in Figures 6a and b are caused 
by the concentration fluctuations. All alloys show an increase of the scatter- 
ing cross section with decreasing K ,  but this increase is small for the Cu-rich 
and the Bi-rich alloys, while considerable for the alloys in the middle con- 
centration range. The further evaluation of these curves will be presented 
in sections 4.3 and 4.4. 

I 7 4  
! 6d 8 .  
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Bi - SOCU 

Bi- SOCU 

e 

200 jYO/ 0,. 

channel number --- 
FIGURE 5a + b Time-of-flight spectra of a Bi-Cu melt with 50 at.% Bi for different 
scattering angles. 

Further measurements at higher temperatures were done to determine 

the temperature dependency of -1 in the alloys containing 40 and 
dn COH 

50 at.% 0.1. Both alloys show the same temperature dependency, namely a 
decrease of the scattering cross section in the direction of the primary beam 
with increasing temperature. 

Figure 7 shows the temperature dependency of the macroscopic scattering 

cross section - '' = po -1 of both alloys. There is a linear relation in 

the temperature range between 800" C and 1100" C. The upper limit is given 
by the experimental device. The alloy with 50 at.% Cu shows a larger 

d n  COH 
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FIGURES 6a t b Coherent scattering cross section 
0 experimental 
. . . calculated according to Guinier 
--- calculated according to Omstein-Zernike. 
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FIGURE 7 Temperature dependency of the scattering cross section in direction of the 
primary beam. 

d.Z 
df2 

decrease of - with increasing temperature than the alloy with 40 at.%. 

The linear extrapolation of both straight lines in Figure 7 shows that they 
reach the value - = cm-', which is valid for the Cu-or Bi-rich alloys, 

at temperatures of approximately 1300 to 1400°C. Thus, we come to the 
result that the concentration fluctuations have vanished at about 1350" C, 
i.e. 200" C below the boiling point of Bi. 

4.3 Ornstein-Zernike method 

As described in Section 2.2a, the mean dimensions of the concentration 

dZ 
d n  

fluctuations are obtained by plotting versus I?. This was 

done for the alloys with concentrations between -30 and 70 at.% Bi. The 
correlation lengths J obtained from these so-called Ornstein-Zernike plots 
are plotted in Figure 8 versus the Bi concentration. Apparently, the cor- 
relation length is nearly independent of alloy composition. 

The coherent scattering cross section for concentration fluctuations was 
now calculated using &. (13), where the correlation length J and the 
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t 3 -  
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4 0  
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FIGURE 8 Correlation length. 

scattering cross section in the direction of the primary beam were taken from 
the corresponding figures. The results are plotted in Figures 6a and b with 
dashed lines. Apparently, the scattering cross section can be described up 
to K = 0.7 8 , - l  using the Otnstein-Zernike method. A similar behaviour was 
found by Egelstaff and WignallZ4 with a molten Bi-83 Zn alloy. A deviation 
between the experimental curve and that calculated using the Ornstein- 
Zernike method could also be observed in that case above K = 0.9 A-l. 

The reason lies in the fact that the Lorentz function, which is used by 
Ornstein-Zernike to represent the scattering caused by concentration 
fluctuations, can only describe the asymptotic behaviour of the cross section 
for K -+ 0 (see Ref.25). 

4.4 Guinier method 

A further possibility to obtain a quantitative measure of the dimensions of 
inhomogeneities from the scattering curves is given by the so-called Guinier 
approximation, which was described in Section 2.2b. Besides the dimensions 
of the particles, their shape can also be determined by this method. The 
radius of gyration R, can be determined from the gradient of thestraight 
line which is obtained by plotting the logarithm of the scattering cross 
section versus K ~ .  Small deviations from the straight line could be observed 
for K > 1 8, - I  in the present case. In this range the statistical error is rather 
high, because the spectrum shows only small intensities. 
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FIGURE 9 Particle diameter. 

Since no direction is preferred within a melt the inhomogeneities can be 
taken as small spheres, whose radii can be calculated from the radius of 
gyration using Eq. (16). Figure 9 shows the diameter of particles versus the 
Bi concentration. The radius shows a slight concentration dependency and 
has its largest value of 5.8 8, for the middle concentrations. Thus, the sub- 
microscopic segregation within the molten Bi-Cu alloys is limited to the first 
coordination shell'. For the Al-Sn or AI-In systems, particle diameters of 
about 10 8, were obtained30r4. 
According to Eqs. (14) to (16), the scattering cross section in Guinier's 
approximation can also be presented in the form 

This cross section was calculated for the alloys between 30 and 70 at.% Bi 

with the corresponding values for -and % and is also plotted in Figs. 6a 

and 6b. Thus, for the region K. < 1 A-l a good agreement between the ex- 
perimental values and the values according to Guinier's approximation is 
obtained for all alloys. Nevertheless, the application of this method of 
evaluation to melts has to be critically thought over. 

Concerning the temperature dependency of the particle diameters, it 
should be pointed out that these remain rather constant. The evaluation of 

dZ 
df2 
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the scattering curve of the alloy with 50 at.% Bi yielded at 1080” C aparticle 
diameter of 5.4 A, at 830” C one of 5.8 A. This means adecrease of less than 
10% of the particle diameter during an increase in temperature of about 
250” C. The same holds for the temperature dependency of the correlation 
lengths (refer to Eq. (22)). 

The evaluation using Ornstein-Zernike and Guinier methods has shown 
that the experimental scattering cross sections can be well approximated 
by both methods in certain K-regions. To get at least qualitative agreement 
between D, and 5, the scattering functions of both methods are transformed 
to correlation functions. Defining the mean dimension of a segregated zone 
in such a way that the correlation function has decreased to e-’ at the 
boundary of this zone, we obtain 

D, = 6. { (22) 
As can be seen from Figs. 8 and 9 this condition is not fulfilled exactly for 

Bi-Cu melts, but qualitative agreement is found. Refer to the following 
dZ work Ref.26 for the further evaluation of the scattering cross section - da 

in the direction of the primary beam. 
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