This article was downloaded by:

On: 28 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

| Physics and Chemistry of Liquids
P hySiCS and Publication details, including instructions for authors and subscription information:
Chemistrv of Liguids http://www.informaworld.com/smpp/title~content=t713646857

X-Ray Investigations on Molten Bi-Pb Alloys

H. Neumann* W. Hinz*; W. Hoyer*
 Technical University Chemnitz-Zwickau, Institute of Physics, Chemnitz, Germany

Norman H. March

- -
A0 Emerics Protessos, Ouanl Unbeesity. UK
K. Angilella

&,
{Co-Erfter) Uriversith  Catanis, (enarca, Itsiy

To cite this Article Neumann, H. , Hinz, W. and Hoyer, W.(1995) 'X-Ray Investigations on Molten Bi-Pb Alloys', Physics
and Chemistry of Liquids, 29: 4, 211 — 222

To link to this Article: DOI: 10.1080/00319109508031638
URL: http://dx.doi.org/10.1080/00319109508031638

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646857
http://dx.doi.org/10.1080/00319109508031638
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:16 28 January 2011

Downl oaded At:

Phys. Chem. Liq., 1995, Vol. 29, pp. 211--222 i 1995 OPA (Overseas Publishers Association)
Reprints available directly from the publisher Amsterdam B.V. Published under license by
Photocopying permitted by license only Gordon and Breach Science Publishers SA

Printed in Malaysia

X-RAY INVESTIGATIONS ON MOLTEN
Bi-Pb ALLOYS

H. NEUMANN, W. HINZ and W. HOYER

Technical University Chemnitz-Zwickau, Institute of Physics,
09107 Chemnitz, Germany

( Received 10 November 1994 )

Using X-ray diffraction, structure factors and pair correlation functions of molten Bi-Pb alloys were
determined. As well the calculated Debye temperatures as the partial pair correlation functions obtained
with the concentration method indicate that alterations of the short range order due to a reduction of
unlike atomic pairs with rising temperature take place. Moreover, the properties of the melt dependent on
temperature can be explained if the existence of associates like the peritectically melting e-phase is
assumed.

KEY WORDS: X-ray diffraction, molten Bi-Pb alloys, short range order.

INTRODUCTION

The phase diagram of the binary system Bi-Pb given in Figure 1 shows a rather deep
eutectic point in the neighbourhood of the equiatomic concentration. The eutectic is
build up from bismuth with only a small part of soluted lead and the peritectically
melting e-phase. Because the peritectic reaction takes place 140 K below the melting
point of lead the shape of the liquidus is hardly influenced by this phase. As can be seen
from Figure 2 the system Bi-Pb has a nearly symmetric negative heat of mixing curve
AHM [2]. The deviation of the quantity AHM /c,; ¢,,, (c;-atomic fraction of the species i)
from the linear behaviour indicates that an arrangement of unlike atomic pairs is
preferred in the melt. Structure induced pseudo gaps in the electronic density of states
of liquid and amorphous Bi-Pb alloys [3] were studied by means of photoelectron
spectroscopy. The pseudo gap near the Fermi energy gets less pronounced from the
amorphous to the liquid state and disappears within the liquid state with rising
temperature.

The specific excess volume of liquid Bi-Pb alloys at T = 350 "C is positive and has a
maximum in the range of the e-phase [4]. In Figure 3 the density of the eutectic melt in
dependence on temperature [5] is drawn. A remarkable density change occurs in the
precrystallisation range above the cutectic line.

An explanation of this behaviour is based on the assumption of temperature
depending association phenomena. With increasing temperature the part of associated
atoms lowers and therefore the temperature dependent properties of the melt are
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Figure 1 Phase diagram of the system Bi-Pb [1].

influenced. The question arises, what kind of associates are formed in molten Bi-Pb
alloys, either atomic arrangement according the e-phase or a specific equiatomic
arrangement as could be concluded from the minimum of the AH™ /cg; cp,~curve near
the equiatomic composition.

In order to get more informations about the nature of the associates in the eutectic
region and about the influence of the temperature on the short range order X-ray
investigations on molten Bi-Pb alloys have been done.

EXPERIMENT AND METHOD

The scattering intensities of liquid Bi-Pb alloys were measured with a 6-9-diffrac-
tometer described in [6]. After the usual correction and normalization procedure the
structure factor in the Faber-Ziman-form [7] was calculated from the coherent
scattering intensity per atom I¢°"

Ieh—[f2) = <f*]

S(Q)= <f>2
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Figure 2 Heat of mixing of liquid Bi-Pb alloys [2].

<f2>=c1f§+czf§
Y= fi+c, 1)
Here Q = (4n/4) sinf denotes the magnitude of the momentum transfer, while f; and

¢, refer to the atomic scattering factor and to the atomic fraction of the species i,
respectively.
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Figure 3 Density of the eutectic Bi-Pb melt as function of temperature [3].

The structure factor of a binary system is the weighted sum of the partial structure
factors S,;(Q) according to the following equation:

2 2
S(Q) = Z Z wijSij(Q) (2)
i=1j=1
w _ G Cifi
BT

If three independent experiments with different scattering lengths of the species i and
j are not available, the concentration method is the only one to calculate partial
structure factors. The use of the concentration method presupposes, that the partial
structure factors are independent on the concentration of the alloys. This assumption is
valid in melts with a nearly statistical distribution of the atoms, but not in a melt in
which the preference of an associate-like atomic arrangement is expected. In these
systems the calculated partial quantities are effected by the choice of the concentration
of the investigated alloys. Nevertheless, the concentration method gives informations
about the dependence of the short range order on temperature, if the composition of the
alloys used for the calculation is unchanged.
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The pair correlation function was calculated by the equation

1

V=1
901 +2n2 rp,

2 max
J Q[S(@)—1]sinQrdQ, (3)
0

where p, is the average number density and Q_, the maximum momentum transfer

reached in the scattering experiment. If S(Q) is replaced by S,;(Q) the partial pair
correlation function g,,(r) follows from Eqn. (3).

RESULTS

Structure Factors and Pair Correlation Functions

The structure factors of the liquid Bi-Pb alloys measured near the liquidus and at
T =500°C are shown in Figure 4. The shape of the structure factor is only weakly
dependent on the concentration and agrees with earlier results of X-ray and neutron
scattering investigations on molten Bi-Pb alloys [8]. Visible changes mainly take place
on the right hand side of the first maximum, where a shoulder grows with rising fraction
of bismuth. Because bismuth and lead have nearly the same atomic radius [9] the
positions of the maxima of the structure factor are almost independent on concentra-
tion. In contrast, the structure factors undergo significant changes as function of
temperature. The height of the maxima increases with decreasing temperature. In
Figure 5 the height of the first maximum of the structure factors is drawn. Whereas at
T =500 °C the height of the first maximum continuously changes about the whole
concentration range, this function near the liquidus has both, a minimum in the range
of the e-phase and a maximum at the eutectic concentration. In order to check whether
this feature at low temperature is a physical effect or will only be caused by the different
liquidus temperatures the Debye-Waller factor will be considered. According to Sinha
et al. [10] the structure factor S, (Q) at the temperature T', can be calculated from the
structure factor S, (Q) at any temperature T, :

Sp (@ =1+[S; (@) — 1exp{—=2[wy (@)= wy (Q)]] (4)

where w,(Q) is the Debye-Waller factor:

3 RPQAT? ([0,/T( 1
wp(Q) = L_Q_fD/ |:_

872 m k, 03 2+ lexp(z) — 1}*1:|zdz (5)
a™BYD

¢]

h-Planck’s constant
k 3~ Boltzmann's constant
0, —Debye temperature

The only unknown quantity in the expression is the characteristic temperature 0,
which represents the character of the atomic motions in the liquid.
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Figure 4 Structure factors of molten Bi-Pb alloys.
The high temperature approximation 8,/T « 1 leads to the equation:
3 hz 2
ST;(Q)=1+[ST1(Q)_1]exp{__ ¢ (T, "Tx)}

4n* m k0%

(6)

Because the atomic form factor and the atomic mass m, of bismuth and lead are

nearly equal, Eqn. (6) is suitable for determining the Debye temperature of the

investigated alloys from the first peak position (Table 1) and the first peak height at
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Figure 5 Height of the first peak of the Bi-Pb structure factors at different temperatures (the extrapolated
values were calculated with equation (6)).

different temperature (Fig. 5). As can be seen from Table 1 the Debye temperature is
constant about the whole concentration range except around the e-phase. Moreover,
the curve in Figure 5 obtained by the extrapolation to the eutectic temperature shows
only a minimum at the ¢-phase whereas the maximum at the eutectic concentration
vanishes. This means, that the low melting e-phase in any form influences the properties
of the melt.

The pair correlation functions in Figure 6 are characterized by a shoulder on the
right hand side of the first maximum, which is less-pronounced if the temperature
increases. As follows from the variation of the upper integration limit in the Fourier

Table 1 Position of the first maximum in the structure factor
and the Debye temperature calculated with Equation (6)

alloy 0,/A ! 0,/K
Bi 2.10 53
Bi,s Pb,s 2.10 52
Biss oPb,, , 2.15 52

Biyo Pbog 2.15 89
Pb 230 53
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Figure 6 Pair correlation functions of molten Bi-Pb alloys.

integral in Eqn. (3) the shape of the shoulder is influenced by truncation errors whereas
the position of the shoulder is nearly independent of them. Moreover, investigations
with the energy dispersive X-ray diffraction method [11] have shown, that in the
undercooled state just before the solidification a peak appears on this position.
Therefore one can assume, that the shoulder on the main peak of g(r) of the molten
Bi-Pb alloys corresponds to a coordination sphere.

The dependence of the pair correlation function on the alloy composition is only
weak. With increasing concentration of bismuth the height of the first maximum and
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the number of nearest neighbours (Table 2) slightly decrease. The alterations as
function of temperature mainly occur in the first coordination shell. The height of the
first peak in g(r) grows with decreasing temperature. Consequently, the number of
nearest neighbours increases by cooling down the melt. All investigated Bi-Pb alloys
show a slight decrease of the first distance (Table 2) if the temperature increases.

Concentration Method

Partial structure factors have been calculated using the concentration method. In
Figure 7 the partial structure factors obtained from the total structure factors of the
alloys Bi,, Pb,,, Bigs oPb,, , and Bi,,Pb,; at T=500°C and of those at the
temperature near the liquidus are drawn. Therefore the calculated partial functions are
averaged quantities in the concentration range from 30 to 75 at-% Bi.

The comparison of corresponding functions shows that mainly the partial Bi-Pb
structure factor undergoes alterations with changing temperature. The height of the
maxima, especially of the main maximum decreases and the shoulder on the right hand
side of the first peak vanishes with rising temperature. Whereas the partial Pb-Pb
structure factor also changes as function of temperature the partial Bi-Bi structure
factor is nearly independent on temperature in the observed temperature range.

Consequently, alterations with temperature also arise in the partial pair correlation
functions drawn in Figure 8. The partial Bi-Pb correlation function near the liquidus
has a high first maximum which strongly decreases with increasing temperature
(Table 3). In contrast, the first peak of the partial Pb-Pb correlation function grows

Table 2 Distance of nearest neighbours, coordination number of the first shell (N and Ng)n are obtained
from integration up to the first minimum and from the first shell assumed to be symmetrical) and the height of
the first maximum of the pair correlation function

alloy T/°C r /A gr,)
Bi, Pb,_ 215 3.30 6.7 9.9 2.65
T 500 3.30 5.5 8.7 217
Bi_, ,Pb | 130 3.35 6.8 10.3 2.88
500 3.30 6.4 9.5 2.17

Bi, Pb. 230 3.35 7.6 113 2.49
500 3.30 6.6 10.2 234

Table 3 Partial distance and partial number of nearest neighbours of the first coordination shell calculated
for the eutectic composition as well as the height of the first maximum of the partial pair correlation function

T/°C r/A gir,)
Bi-Bi liquidus 325 29 5.0 2.26
500 3.25 3.1 S 2.10
Bi-Pb liquidus 3.40 33 38 3.59
500 3.35 2.8 29 220
Pb-Bi liquidus 3.40 4.1 4.8 3.59
500 3.35 36 3.7 220
Pb-Pb liquidus 3.35 29 49 2,18

500 335 2.6 4.7 249
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Figure7 Partial structure factors in the system Bi-Pb calculated with the concentration method (the
notation T = 500 °C and (1) means that the structure factors from Figure 4 at the temperature T = 500°C
and near the liquidus were used for the calculation).

with rising temperature. As can be seen from Table 3, the number of nearest neighbours
of the Bi-Pb correlation significantly decreases with increasing temperature. The same
tendency shows the first coordination number of the Pb-Pb correlation, whereas the
first coordination number of the Bi-Bi correlation seems slightly to increase. With
rising temperature the number of unlike atomic pairs reduces.
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Figure 8 Partial pair correlation functions in the system Bi-Pb.

DISCUSSION

As well the presented results from the scattering investigations as the thermodynamical
measurements [2] can be explained if the existence of atomic arrangements with a
preference of unlike atomic pairs is assumed. Moreover, the conclusion is entitled that
associates with a short range order like the e-phase characterize the melt. With
increasing temperature the probability of atomic association decreases with the
consequence that the chemical short range order is destroyed and the arrangement of
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the different types of atoms approaches a statistical distribution. Because associates
like the e-phase include more Pb-atoms than Bi-atoms a reduction of the fraction of
associates mainly leads to an alteration of the partial Bi-Pb and Pb-Pb pair correlation
function. In opposite to the decreasing number of Bi-Pb atomic pairs the number of
Pb-atoms which contact each other increases with rising temperature. Consequently, a
growth of the height of the first maximum of the Pb-Pb pair correlation function is
observed. The change of density of the eutectic Bi-Pb melt (Figure 3)is probably caused
by the reduction of the coordination number with rising temperature. The great
coordination number in the associates leads to a great packing density of the melt at
low temperature.

No indications were found that a special eutectic-like associate exists in Bi-Pb melts.
On the contrary, the atomic arrangements according the peritectically melting ¢-phase
also influence the eutectic region. Because near the eutectic line the mean kinetical
energy of the atoms is low the associates become especial great stability. Therefore, the
atoms ordered in associates and the rest of atoms seem to built up an eutectic like
structure which is compareable the solid eutectic. But it is not clear, why at so low
temperatures as in the eutectic region an associate like the ¢-phase is not the starting
point of nucleation. The answer should be given in the dynamic of the melt.
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