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ABSTRACT 

Phase separation in glass systems has been studied since 

the turn of the century, and has developed commercial interest 

with the VYCOR process and recent interest in glass-ceramics. 

Phase separation has been studied in the lead borate glass 

system because it is known to separate across a fairly wide 

compositional range, and has been shown to undergo both stable 

and metastable phase separation. 

To further understand immiscibility in the lead borate 

system, an investigation has been performed to determine the 

immiscibility gap under nearly equilibrium conditions. Small-

angle x-ray scattering (SAXS) has also been used in an attempt 

to characterize the kinetics of phase separation of a high-

lead composition in the metastable region, using novel sample 

preparation methods. 
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I. INTRODUCTION 

The immiscibility of a system, in which two or more 

components of the system separate into different phases, has 

been seen to occur in liquids, metals, and glasses. In glass 

systems, phase separation has been observed in many borate and 

silicate compositions, as well as chalcogenide and beryllium 

fluoride glasses. 

Immiscibility in glass is characterized by the separation 

of the system into two or more phases of different 

compositions of glass. This phenomenon has been studied since 

the beginning of this century. Scientific studies in 

immiscible glass systems have focused on the thermodynamic 

mechanisms of phase separation, i.e. binodal and spinodal 

decomposition, and on the kinetics of the formation and growth 

of the second phase. The two phases formed often have 

different chemical durability, which leads to the ability to 

preferentially etch one phase. In addition, the second phase 

has different physical properties, such as thermal expansion, 

hardness, and refractive index. These properties have been 

utilized commercially in the Vycor process, Pyrex glass ware, 

and in anti-reflective coatings. 

Several systems have been shown to separate. In the 

early 1900's, several authors found separation in bivalent 
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borates1,2, silicates3, and borosilicates4. Inhomogeneous 

droplet structures were discovered in 1955 by Vogel and Gerth5 

in alkali beryllium fluorides. It has also been shown to 

occur in chalcogenide systems6 in the S, Se, and Te rich 

regions, and has been found in regions of Te and Ge silicate 

glasses7. Studies performed in the 1960's found that 

immiscibility occured under the liquidus in borosilicate 

glass8,9, univalent silicates10, and alumino-silicates11. 

Immiscibility can occur above or below the liquidus. 

Separation above the liquidus, known as stable phase 

separation, occurs immediately upon cooling. Miscibility gaps 

occurring under the liquidus are thermodynamically metastable, 

and therefore are referred to as metastable gaps. These 

systems often require heat treatment to permit the second 

phase to nucleate and grow. 

Many experimental techniques have been used to study 

phase separation in glass. It was first studied by TEM in 

1952 by Slayter12, was soon followed by light scattering in 

195613, and by small-angle x-ray scattering (SAXS) in 1958". 

In 1969 Boffe15 began structural studies of the separated 

phases using Raman spectroscopy. 

The objectives of this study are to measure the binodal 

temperature curve under equilibrium conditions, and to 

characterize the kinetics of phase separation at the high-lead 
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region of the miscibility gap using small-angle x-ray 

scattering. The lead-borate system was studied because it has 

a relatively wide region of composition which is known to 

separate. In addition, the lead and borate phases have large 

differences in electron densities, making this system a good 

candidate for SAXS studies. 

The equilibrium clearing temperature measurements were 

performed because all previous measurements had been made at 

non-zero heating or cooling rates. Consequently, the various 

data were in disagreement in the high-lead region. 

Kinetics studies were performed on the high-lead region 

because a previous study of the same region had been performed 

on as-quenched samples, but did not include any evaluation of 

the growth of the second phase. A comprehensive study was 

reported in the literature on the kinetics of phase separation 

for 1 to 2 wt% PbO. However, no information is available 

regarding the kinetics of phase separation in the lead rich 

region. Thus, a kinetics study at the lead rich boundary 

would provide a good complementary investigation of this 

system. 
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II. THERMODYNAMICS OF PHASE SEPARATION 

The immiscibility of a glass system, i.e. the formation 

of a second vitreous phase in a glass system, is driven by a 

decrease in the change in free energy of a separated system 

from a fully miscible system. The free energy of mixing 

lessens if decreasing the distance between particles of like 

composition lowers the free energy more than particles of 

differing composition. Thus, regions of similar composition 

will begin to develop, and possibly grow. 

A system will separation into two compositions to 

minimize its free energy of mixing: 

AG = AH - TAS (1) 

where AH is the enthalpy of mixing in the system, T the 

temperature, and AS is the entropy of mixing. The excess 

enthalpy, i.e. the difference between the enthalpy of a real 

solution and an ideal solution, was described in 1967 by 

Thompson16, who began with the assumptions of an ideal solution 

proposed by Henry in 180317. He began by approximating the 

excess enthalpy function using a McLaurin series expansion 

with the first three terms: 

AH = A + Bx + Cx2 (2) 

where x is the mole fraction of solvent. For an ideal dilute 

solution, where x = 0, the excess enthalpy is: 
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AH = A = 0 (3) 

The second constant, B, is related to the enthalpies of the 

real solvent H2*, and the pure solvent, H2°, by 

B = H2* - H2° (4) 

where H2* is dependent on pressure, temperature, and the 

solute. The derivative of the excess enthalpy with respect to 

the mole fraction is 

SAH/dx = B + 2Cx 

= (H2* - H2°) + 2Cx (5) 

At the limit where x = 1, the excess enthalpy becomes 

AH = H2* - H2° + 2C = -(Hi* - Hi0) (6) 

Therefore, for this solution: 

(H2* - H2°) = (Hx* - Hj0) = -C = B (7) 

Defining an energy parameter a: 

a = -c = B (8) 

then the excess enthalpy can be written as 

AH = ax - ax2 

= ax(l-x) (9) 

When the enthalpy term is positive, phase separation may 

occur. 

The entropy of mixing can be due to two sources; the 

first being related to mixing in an ideal solution, and the 

later due to changes in the internal degrees of freedom when 



15 

mixing occurs. The entropy of mixing for an ideal solution, 

which Macedo and Simmons18 refer to as configurational entropy, 

begins with the entropy of the ideal solution: 

Sid = x[S1°-aRln(x) ] + (1-x) [S2°-aRln(l-x) ] (10) 

where is the entropy of each pure solvent, and aRlnfXi) is 

from the chemical potential of each component. The ideal 

entropy of mixing is the difference between the entropy of an 

ideal solution and the entropies of the pure components: 

AS = Sid - xS^ - (1-x) Si0 (11) 

Which leads to 

ASi = -R[xln(x) + (l-x)ln(l-x) ]. (12) 

The second entropy term, as described by Macedo and 

Simmons, is due to changes in the internal degrees of freedom 

upon mixing. This arises from changes in the vibrational 

states of the immiscible liquids. They expressed this second 

entropy as: 

AS2 = x(l-x)<SS. (13) 

This second entropy term has the most effect on the shape of 

the miscibility gap boundary. If SS is positive, the region 

will tend to be broad; this is due to the increase in the 

number of internal degrees of freedom. 

The free energy of mixing is a balance between the 

tendency of the system to minimize the enthalpy and for 
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demixing to decrease the entropy. This is portrayed in Figure 

1, where the enthalpy and entropy components are combined to 

produce the free energy of mixing as a function of 

composition: 

AG = ax(l-x)+RT[xlnx+(l-x)ln(l-x)-x(l-x)5S/R] (14) 

The energy parameter a and the entropy term -TAS both 

depend on temperature. As the temperature increases, thermal 

motion of the structural units tends to increase, causing more 

disorder. This leads to a critical temperature, Tc, above 

which the tendency for disorder makes segregation of similar 

units impossible. 

In addition, there is a critical a at which the system 

will just begin to separate. As shown in Figure 2, when a<2, 

the free energy function is concave upward for all composi

tions. This will be shown to make separation impossible. 

When a=2, the free energy curve becomes flat for a significant 

range of compositions. When a>2, the free energy curve has 

regions which are concave downward. Immiscibility can occur 

across these regions. 

The criteria for a system to undergo phase separation is 

that the chemical potentials of the two phases are equal: A/ia 

= A/xBf in which A and B are the two phases. This may be 

illustrated using an example from Filipovich19, which examines 
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a two-component system with components A and B. If the free 

energy of the system is always concave upward, i.e. if d2AG/3x2 

> 0 as shown in Figure 3, it will always be stable against 

phase separation for any initial concentration. If the 

initial concentration is c0, assume that the system can 

separate into another region with concentration cxcD 

containing na molecules of component A and nb molecules of B, 

such that na = (l-c)n, nb = cn, and n = na+nb. Since the 

separating region has a different concentration, the 

concentration surrounding the particle will change to c'. If 

N is the total number of A and B particles in the melt, then 

the number of particles of each component in the surrounding 

melt will become Na' = (N-n)(l-c') and Nb' = (N-n)c'. Since 

the total number of molecules of A and B do not change, the 

number of B molecules is Nb = Nc0 = nb+Nb' = cn+(N-n)c'. By 

adding and subtracting ncD, we obtain: 

The change in free energy due to development of the inhomo-

geneity, neglecting surface effects at the interface, is: 

where g(c) is the free energy per particle of each component. 

If N»n, then |c0-c'| in equation (15) is very small. From 

equations (15) and (16), it can be shown that 

c0-c' = (c-ce)n/(N-n) (15) 

AG = ng (c) + (N-n) g(c') -Ng (c0) (16) 

AG/n = Ag(c,c0) = g(c) -g(c0)-(dg/8c)0(c-c0) (17) 
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As shown in Figure 3, AG equals the interval at point c 

between the straight line tangential to the free energy curve 

at point c0 and the point on the free energy curve G(c). 

Since 3*AG/3x2 > 0, AG > 0 for any values of c„ and c. 

Therefore, decomposition is impossible at this temperature 

because it results in an increase in the free energy of the 

system. 

Now assume that the system cools to some temperature 

below the critical temperature at such a fast rate that 

diffusion processes have no time to occur. In this state, the 

free energy relation with respect to composition can be 

represented by Figure 4. As disclosed by this figure and 

using the geometrical interpretation just presented, there is 

a range of concentrations ca < c0 < c0 for which AG(c,c0) < 0. 

Therefore if the initial concentration is between ca and c0, 

the initial state upon cooling is not in equilibrium, and will 

result in the decomposition of the melt into two phases of 

compositions ca and ce. 

Gibbs20 determined that in phase separation, the second 

phase may develop either by large differences in composition 

with the differences small in size, or by development of small 

differences large in extent. These are respectively the 
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mechanisms of binodal and spinodal decomposition. 

Binodal decomposition will occur for compositions ranging 

from the first minimum of the free energy curve, cbl, to the 

inflection point csl/ and from the second inflection point, cs2 

to the second minimum cb2. In this region, d2G/dc2 > 0, and 

the development of inhomogeneities will reduce the free energy 

of the system, as shown in Figure 5. At this point, 

nucleation of very small particles of the second phase will 

begin. These particles will be in a dynamic state of growing 

and dissolving. 

The change in free energy caused by the formation of an 

inhomogeneity can be divided into a bulk and surface energy 

change for each particle: 

AG = n*Ag + nsa (18) 

where n is the number of particles in an inhomogeneous region, 

Ag is the change in energy per particle, ns is the number of 

particles on the surface of the inhomogeneity, and a is the 

surface energy per unit area. For spherical particles, the 

free energy can be characterized by the size of the particles 

r, and the volume per particle v: 

AG = (47rr3/3) (Ag/v)+4wr2a (19) 

In order for decomposition to occur, AG must be greater 

than 0. This can only be satisfied if Ag<0, since the surface 

energy a is always positive. There is a minimum 
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radius, r*, for which if r>r*, dAG/dr<0. If r<r*, the increase 

in energy from the increasing surface area of the separating 

region will be greater than the decrease in energy due to the 

increasing volume of the region. At r=r*, the increase in 

surface energy will equal the decrease in energy from the 

volume change, and the free energy will reach a maximum. At 

this point, 3AG/3r = 0, and the critical radius can be 

determined: 

r* = -2av/Ag (20) 

The maximum free energy at this radius will be: 

AG* = 16TTCX3/[3 (Ag/v)2] (21) 

It is important to note that there is a significant dependence 

of the maximum free energy on the surface energy a.  

If one of these clusters reaches this critical size, the 

cluster will be insured of continued growth due to a decrease 

in the free energy of the particle. The growth of these 

particles will continue with time until they reach a 

coalescence stage. At this point, the total possible volume 

of the second phase will have been nucleated. The system will 

attempt to lower its free energy by decreasing the total 

surface energy of all the particles in the system, while 

maintaining a constant volume of the second phase. This 

occurs by growth of the larger particles, reducing their 

surface energy, at the expense of smaller particles which 
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dissolve into the matrix. Further discussion of the 

nucleation, growth, and coalescence will be presented in the 

next section. 

The equilibrium amount of the second phase can be 

calculated from the lever rule using the two end binodal 

compositions, cbl and cb2, and the initial concentration c0. 

Assuming the initial concentration is closer to cbl, the 

fraction of the second phase will be: 

x = (c0-cbl)/(cb2-cbl) (22) 

The free energy curve shown in Figure 5 was for a given 

temperature. If the energy curves at several temperatures are 

determined, it is seen that, while the curves maintain the 

same form, the binodal and spinodal compositions will change. 

As the temperature increases, the binodal composition cbl will 

increase and the cb2 will decrease until, at the critical 

temperature, the two compositions will be equal. 

The locus of binodal compositions with their respective 

temperatures are related by the binodal coexistence curve. 

This can be illustrated graphically, as shown in Figure 6, by 

connecting the binodal points of the free energy curves for 

several temperatures. 

This coexistence curve can also be calculated from the 

derivative of the free energy of mixing. The binodal points 
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occur at the compositions of the free energy curve where the 

slopes are equal. In systems with symmetric immiscibility 

gaps, this also occurs at the minima of the free energy curve. 

If the derivative of the free energy curve of a symmetric 

system is taken with respect to composition and set equal to 

0: 

dAG/dx = a(l-2x)+RT{ln[x/(l-x) ]-(l-2x) <SS/R} = 0 (23) 

then the binodal temperature can be determined as a function 

of composition by rearrangement of equation (23): 

Tb = (a/R)(l-2x)/{ln[(l-x)/x]+(l-2x)5S/R) (24) 

The other mechanism of separation, spinodal decompo

sition, occurs in the composition range between csl and cs2. 

This is described in Callen21 as the unstable regime. Within 

this compositional range, if a melt is quickly cooled below 

the critical temperature, small fluctuations in composition 

will begin to form. The difference in compositions in these 

fluctuations is very small: |c-c0| <1. If Ag(c) in equation 

(17) is expanded into a Taylor series of c-c0: 

Ag(c) = g(c0) + (dg/dc)0(c-c0)+l/2(d2g/dc2)0(c-c0)2 (25) 

and is substituted into equation (17), this yields: 

Ag(c,c0) = 1/2 (d 2 q/dc 2 )  0 (c -c 0 ) 2  (26 )  

In this region, (32g/3c2)o<0, so according to equation (20), 

Ag(c,co)<0. The instability of the melt will lead to a large 
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number of inhomogeneous regions, which will develop as 

illustrated in Figure 7. 

In 1965, Cahn22 theorized that the change in the composition 

of these regions was due to diffusion: 

dc/d  t = D0AC-2YM0A2C (27) 

where Dc is the diffusion constant and M0 the mobility. In the 

spinodal region, diffusion of particles occurs from regions of 

low concentration to regions of higher concen-tration. 

Therefore, under these conditions, the diffusion constant D0 

is negative. Cahn determined that equation (17) could be 

solved using Fourier's method, and that the time dependent 

solution of the concentration could be represented by a 

Fourier series: 

c-c0 = SA(K) exp[P(K) t] cos (Kr-/3K) , (28) 

where A(K) are the amplitudes of each wave vector K; K = 

27r/AK, and AK are the wavelengths of the inhomogeneities. P(K) 

is a kinetic factor equal to -D0K2-2YM0Ka , and /JK are the phases 

of the waves. He found that there is a critical wave vector 

K* and corresponding wavelength A*, for which P(K) =0. If 

K<K*, or AK>A*, the concentration gradient will always increase 

with time, and therefore will lead to spinodal decomposition. 

The spinodal points, like the binodal points, are 

functions of temperature. The spinodal temperature curve may 
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be likewise traced from the free energy curves for several 

temperatures. This has also been shown in Figure 6. Assuming 

a symmetric miscibility gap, the spinodal curve can be 

calculated by setting the second derivative of the free energy 

curve equal to zero: 

a2AG/3x2 = -2(a-T<SS) + RT{ (1/x) + [l/(l-x)]} = 0. (29) 

This can be rearranged to determine the spinodal temperature 

as a function of composition: 

Ts = 2 (o/R)/ {1/ [x(l-x) ]+25S/R} (30) 

When spinodal decomposition occurs, many regions of 

fluctuations develop. As these regions grow, they intersect 

and form a highly interconnected, sponge-like structure. The 

fraction of each phase formed can be calculated using the same 

equation as that derived for binodal decomposition. While the 

mechanism for spinodal decomposition may occur between 

compositions cEl and cs2, the compositions of the formed phases 

will still be cbl and cb2. 
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III. KINETICS OF PHASE SEPARATION 

Control of nucleation and growth of phase separation and 

crystallization is important in such commercial applications 

as Vycor glass and Pyroceram. The rate of nucleation and 

growth has been studied for several decades, and continues to 

draw scientific curiosity. In this section, the current 

theories on the kinetics of nucleation, growth, and coarsening 

will be presented, along with illustrations of the conception 

and growth of particles at the different regimes. 

Nucleation of inhomogeneous regions begins by 

fluctuations in the composition of the melt. These 

fluctuations cause a small temporary increase in the free 

energy of the system. Once these fluctuations reach a 

critical size, they cause a decrease in the system's free 

energy, and the particles can proceed to grow by diffusion. 

The free energy concerned with the formation of a 

particle of radius r is given by the classical nucleation 

theory (see Kingery, et. al.23) as: 

AG = (4TT/3) r3AGv + 47rr2a (31) 

where AGV is the change in the bulk free energy per volume 

from the formation of the particle, and a is the surface 
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energy per unit area of the particle. A plot of the free 

energy as a function of the particle radius, as shown in 

Figure 8, reveals that the nucleation of a particle is 

inhibited by a free energy barrier AG*: 

AG* = (167TCT3)/ (3AGV
2) . (32) 

The critical radius of formation is the radius at which a 

particle reaches this energy barrier, and is given by: 

r* = -2ct/AGV. (33) 

Fluctuations which do not reach this radius will minimize 

the system's free energy by dissolving back into the melt. 

Particles larger than r* will continue to grow up to the 

coarsening stage. 

The steady-state rate of formation of nuclei, dN/dt, was 

derived from the fluctuation theory of nucleation by 

Zel'dovich24. From his results, the following expression can 

be written for the steady-state nucleation rate: 

Ist = I0exp [ - (AGA+AG*) /kT ] (34) 

where AGa is the increase in free energy necessary for a 

structural unit to jump across the interface of the 

inhomogeneity, and I0 is a constant which depends on the 

concentration and the temperature. This equation does not, 

however, account for the changing composition of the primary 

phase as the secondary phase separates. 
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More rigorous derivations of the nucleation rate have 

been proposed by Volmer and Weber25, Becker and Doring26, 

Zel'dovich2*, and Turnbull and Fisher27. All rate equations 

are based on successive reactions of clusters with n molecules 

reacting with a monomer to form clusters of n+i molecules. 

Assuming an excess of monomers to be present, the equilibrium 

number distribution of n-clusters can be represented by: 

Nn = N0exp(-AGn/kT) (35) 

where N0 is the number density of monomers, and AGn is the free 

energy of formation of a cluster containing n monomers. 

As successive reactions occur: 

Q„ + Ql * Qn+l (36) 

Qn+l + Ql ** Qn+2 

• • • 

each reaction has a net nucleation rate based on the reaction 

coefficients kA and the number density 

-+ 4-

In = k„Nn - kn+iNn+x (37) 

Substitution of equation (35) into equation(37) yields: 

-4-

I0 = knN0exp (-AGn/kT) - k„+1N0exp (-AGn+1/kT) (38) 

Since all particles above the critical size will 

nucleate, Volmer and Weber25 argued that the rate of the 

critical size particles can be approximated as the nucleation 

rate for the system: 
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Ine = YOneN0exp(-AGnc/kT) (39) 

where y is the reaction constant per unit area and 0nc is the 

surface area of a particle of critical size. 

Becker and Doring26 hypothesized that the particle 

distribution function did not end at the critical radius, but 

keeps decreasing with r. The Zel'dovich factor2* was added to 

smooth out the distribution, making the nucleation rate equal 

to: 

I = YOnCN0exp(-AGVkT) (AGV3?rnc2kT)1/2 (40) 

A kinetic theory for nucleation of a 2 component system 

was derived by Reiss28. He based this on the theory for a one 

component system by Frenkel29, and assumed the following: 

1. nuclei were considered to contain over 50 atoms; 

2. only one atom of species A or B could absorb or desorb at 

any time; 

3. the identity of a nucleus is also distinguished by its 

composition. 

Temkin and Shevelev30 present a derivation of Reiss' 

theory as follows. The flux of components A and B onto a 

nucleus containing nA atoms of A and nB atoms of B are defined 

by: 

-4 

JA = wA(nA,nB)p(nA,nB)-wA(nA+l,nB)p(nA+l,nB) (41) 
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-4 

JB = wB(nA,nB) p(nA/nB)-wB(nA,nB+l) p(nA/nB+l) (42) 

where is the frequency of attachment or detachment of 

species i onto the nuclei, and p is the number of nuclei 

containing nA atoms of A and nB atoms of B. Assuming steady 

state, the fluxes of the species should be equal: 

dp/dt  = 0 = -JA(nA,nB)+JA(nA-l,nB)-JB(nA,nB)+JB(nA,nB-l) (43) 

If an angle <p is defined as the angle between the flux J and 

the nA axis, then the steady state nucleation rate for a 2 

component system can be shown to be: 

1st = SuKbI Po*z (44) 

wA*s in2<£+wB*cos20 

where * refers to a critical radius and z is analogous to the 

Zel'dovich factor. 

While these expressions provide a stationary or steady-

state nucleation rate, data from Hammel31 indicates that there 

is a period in which the nucleation rate varies with time. 

During this transient period, the nucleation rate increases 

until it reaches a steady-state rate. 

Hillig32 postulated that the transient nucleation rate 

could be related the the steady-state rate IEt by: 

I(t) = I^expf-ryt) (45) 

where rn is the period at which the nucleation rate becomes 
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approximately constant. He related this time constant to the 

molar volume of the melt VL, critical radius, diffusion 

coefficient D, molar volume of the precipitated phase VM, and 

mole fraction of the solute X by the equation: 

Tn = (ff/4D) (VLrVVMX)2 (46) 

Toschev and Gutzow33 determined the effects of viscosity 

rj and difference in the chemical potential A/i by: 

rn = 2a *V(Am)2 (47) 

where a is a constant on the order of unity and 6 is on the 

order of atomic displacements. 

Growth of these particles proceeds from diffusion of 

particles from the melt to the inhomogeneity. The driving 

force for this process is due to the difference in chemical 

potential of the two phases, where = dG/dUL. Cahn 

and Hilliard3* suggested that the free energy could be equated 

as: 

G = / [Ag(c,c0)+y(Vc)2]p(r)dv (48) 

where Ag(c,c0) was described in section II, and y(Vc)2 reflects 

the diffusion across the interface. Cahn35'36 then approximated 

the average macroscopic diffusional flow of B particles across 

the interface as: 

jB = -pBuV(jUB-/iA) (49) 

with the flow of A particles jA = -jB. In equation (49), u is 
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the mobility of a B particle through A. The change in the 

number of B particles with time can be determined by the 

conservation equations for the number of B particles: 

dp s /d t  +  div(jB) = 0 

(50) 

jB = -PBuV[3g/dc-2yVc- (Vc) 2 dy/dC]  (51) 

Given that pB = cp, assuming p is constant, and assuming dy/dc  

= 0, it can be shown that the change in composition with time 

can be expressed as: 

dc/dt  = DAc-2yMA (Ac) + (Vc) 23D/3C-2Y (Vc, V(Ac) )dM/dc  (52) 

where D, the diffusion coefficient, can be described by D = 

Md2g/3c2, and the mobility M is equal to uc. 

Lifshitz and Slyozov37 using a classical approach 

determined that in the diffusional stage, the growth of the 

inhomogeneity can be represented by: 

R2 « R0z+2(c0-c0)D(t-t0) (53) 

where R0 is the radius of the particle at some time t0 at which 

growth begins, cQ the average initial concentration, and ca is 

the concentration far from the particle. As long as the 

particle does not reach a critical size at which coarsening 

can begin, the growth of the particle proceeds as shown in 

Figure 9. 
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After some time of growth, the equilibrium volume of the 

separated phase is reached, and additional particles can not 

grow without the dissolution of others. This is known as the 

coarsening stage, at which point some particles will continue 

to grow at the expense of others in order to reduce the free 

energy of the system by reducing the surface energy of the 

particles. 

Lifshitz and Slyozov37 and Wagner38 found that particle 

growth in this regime can be expressed as: 

dri/dt = (2a/RT) (M/d)2Dc„(l/r*) [l/r'-l/rj (54) 

in which M is the molecular weight of the precipitated phase 

and d is the density of the solute. The critical radius r* is 

the radius at which a particle is either growing or dissolving 

at a given instant, and must satisfy the condition: 

c = c0[l+(2aM)/(RTd) (1/r*) ] (55) 

The critical radius is equal to the average radius of the 

population distribution function which tends to approach the 

function f(z), where z = (r/r*) : 

f (z) = C/[l+(t/yD) ]A/3Zz[3/ (3+Z) ]7/3[1.5/(1.5-Z) ]11/3 

*exp[-z/ (1. 5-z) ] (56) 

where YD is a characteristic time parameter equal to (r*t=0)/Pr 

and /3 is the growth constant: 

0 = (8/9) (CT/F.T) (M/d)2DCffl (57) 

Figure 10 shows the distribution function for a succession of 
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heat treatment times. 

Lifshitz and Slyozov37 specifically showed that this leads 

to a cubic asymptotic growth expression: 

R3 = R23+8cDavD(t-t0)/9kT (58) 

when R is greater than some minimum coarsening radius R2 which 

begins to follow the coarsening law at time t2. Zarzycki and 

Naudin39 found a similar relation r3-r03 = /?t, where p is 

defined by equation (57). 

They determined that the time dependence of the number of 

particles N, decreased as 1/t: 

1/N-1/N0 = (8xl.l97jr)/(6<p)0t (59) 

where $ is the preciptated volume fraction at time t. The 

time dependence of the particle growth and decrease in the 

population is shown in Figure 11. 
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IV. Literature Review of Lead Borate Glasses 

The study of the phase separation region of the Pb0-B203 

system began in 1937 by Geller and Bunting2 during their 

investigation of the entire binary system. In their study, 

they found that a stable miscibility gap existed above the 

liquidus between 9 and 43 wt% PbO. They directly observed the 

melt as it was slowly cooled and heated, until the melt 

changed from clear to opaque and vice versa. In their study, 

they used 1 g samples in a 25 ml Pt crucible, and checked the 

accuracy of the method by observing the melting and freezing 

of KC1 at 770.3. They found that the change from completely 

clear to totally opaque occured within a temperature range of 

4°C. 

In 1955 Kroger and Leick*0 determined the phase separation 

region by measuring the resistance in melts as a function of 

temperature. Five samples with compositions ranging from 10 

to 4 0 wt% PbO were measured by imbedding electrodes in the 

melt, holding the temperature constant, and recording the 

resistance. The temperature was then reduced and the 

procedure repeated. 

When the resistance was plotted as a function of the 

inverse of temperature, they found that there was a linear 
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relation up to the phase separation temperature. At this 

point, there was a break in the curve, and at lower 

temperatures the linear relation was again followed. The 

phase separation temperatures were verified by optically 

observing the temperature at which opalescence occurred. 

They found that at the center of the phase separation 

region, the temperatures determined by the resistance 

measuring were very close to those measured by Geller and 

Bunting2. However, at the edges of the boundaries, Kroger and 

Leick40 obtained higher phase separation temperatures. They 

attributed this to the difference in sample preparation; 

Geller and Bunting quenched their glasses from the melt before 

making measurements, while they made measurements directly 

from the melt. 

Focused study on the miscibility gap resumed in 1965 when 

Liedberg, Ruderer, and Bergeron41 determined that the region 

of immiscibility existed from 3 to 43 mol% PbO. They found 

that metastable immiscibility occured - that the miscibility 

gap extended below the liquidus on either side of the stable 

miscibility gap. In their studies, they embedded a Pt-PtlORh 

thermocouple in the melts and cooled them at a rate of 

20°C/min. They observed the samples directly, and recorded 

the temperature at which cloudiness first appeared. 4 to 6 
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observations were made for each composition; the temperatures 

were usually within 2° to 3°C for any given composition. 

They found that crystals formed in 6 wt% glass when held 

at 650° for 2 hours, and suggested that the liquidus proposed 

by Geller and Bunting2 should be shifted to a higher borate 

composition. They also observed, as theorized by Roy42, that 

the second phase droplets were larger as the quenching 

temperature approached the temperature of the miscibility 

boundary. 

Zarzycki and Naudin39 remeasured the demixing curve using 

a novel method to determine the opacity of the sample. The 

sample was place in a platinum tube which had two holes in it. 

The sample was heated and cooled at a rate of 10°C/min, and a 

light beam was aligned along the holes through the sample. 

The intensity of light was recorded using a photocell, and the 

light was shuttered to provide a more accurate estimate of the 

temperature at which the sample turned opaque. Some of the 

demixing points were also confirmed with differential thermal 

analysis. 

They found that while the demixing temperatures in the 

stable region behaved as previously determined, the 

differences between the temperatures found on heating and that 

determined during cooling differed by 20°C for the 2 wt% PbO 
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composition to more than 50°C for 1 wt% PbO glass. They also 

found similar effects in the high lead region near 43 wt% PbO. 

Simmons43 later suggested that this was due to formation of 

crystals, which would change the composition of the remaining 

melt and provide false demixing temperature-composition data. 

The miscibility gap was more fully characterized by 

Simmons43, who performed extensive studies across the 

composition range of 3 to 44.5 wt% PbO. He formed glass 

droplets at the end of a Pt-PtlORh thermocouple. In order to 

minimize the effects of undercooling and overheating, the 

samples were heated or cooled at a rate not exceeding l°C/min. 

The opacity was examined during the heating and cooling cycles 

using a stereoscopic microscope with a long focal length. The 

temperatures were recorded when cloudiness was first observed 

on cooling or totally disappeared on heating. 

The results agreed fairly well in the low-lead region 

with previous work39,41. At compositions of 37 to 41 wt% PbO, 

results disagreed markedly with (2), with the explanation that 

crystallization was observed in compositions at either end of 

the miscibility gap, a detail which was not reported by 

Zarzycki and Naudin39. 

A model temperature-composition model based on the 

regular mixing equation was then presented to determine the 
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immiscibility and spinodal decomposition curves. The curve 

agrees well with the author's data, although the excess 

entropy he used is rather high (10*R). 

A recent study by Ohta, Morinaga, and Yanagase*4 involved 

use of the hot thermocouple method to investigate phase 

separation. In this method, they suspended a sample between 

a Pt/Pt-13Rh thermocouple attached to a DTA apparatus. This 

enabled them to obtain information on vitrification and 

crystallization of the supercooled liquid. They were able to 

vary the heating and cooling rates between 0.5 and 200°C/s, 

and visually observe phase separation occurring in the sample. 

Samples were gradually heated and the melting temperature 

was recorded. When the sample became a homogenenous liquid, 

it was cooled until critical opalescence occurred. The sample 

was then held at this temperature, and bulk separation 

developed. Electron probe microstructure analysis (EPMA) was 

then used to determine the composition of each phase. 

Their study shows that the miscibility gap extends from 

5.5 to 25 mol% PbO, rather than from 1 to 20 mol% as 

previously determined. When bulk separation developed, they 

found that the phase having the higher surface tension emerged 

on the tip side of the thermocouple, and the other phase was 

found on the open side of the thermocouple. Finally, they 
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used a model from Rowlinson45 which equated the difference in 

compositions with the differences between the miscibility 

temperature and the critical temperature to model the 

miscibility gap. 

There have been two kinetics studies on phase separation 

in the lead borate system. Liedberg, Smid, and Bergeron46 

performed SAXS analysis on powdered samples with compositions 

of 15, 18, 25, 30, and 35 mol% PbO. The samples were prepared 

by quenching the melt in steel pans resting in water. The 

glass was subsequently ground up with an agate mortar and 

pestle, sent through a 200 mesh sieve, and sprinkled onto 

cellulose acetate tape. Three layers of powdered tape were 

then fastened together to form a SAXS sample. 

They initially took an SEM micrograph of a carbon replica 

of a fractured surface of the 15 mol% sample. This sample was 

then ground up for SAXS measurements. The average droplet 

size was determined by electron microscopy to be 3700 

Angstroms. Similarly, SAXS results provided an average 

droplet diameter of 3550 Angstroms. This led them to conclude 

that the use of powdered samples was justified. They then 

used SAXS to determine the average particle diameters for the 

remaining compositions, and noted that the average diameter of 

the droplets decreased from 3550 to 2060 Angstroms as the 
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compositions became further removed from the miscibility 

boundary. 

A study was also performed on an 18 mol% sample which was 

quenched in an ice bath. It was found that the average 

particle size was smaller for the ice bath quenched sample. 

They concluded that particle size depended on cooling rate, 

but did not quantify their conclusions. 

Zarzycki and Naudin39 studied the kinetics of phase 

separation in the low-lead region of the miscibility gap. 

Thin samples of 0.6 to 4 mol% PbO glass were prepared by 

pouring the melt between rotating steel rollers. The samples 

were then aged at fixed temperatures ranging from 375° to 

430°C. Each sample was heat treated for increasing lengths of 

time, and SAXS was performed between each stage. 

They found that the system initially passes through a 

transient nucleation stage, with the Guinier plots showing a 

slight maximum outside of the x-ray beam's center. This was 

postulated to be due to either inter-particle interference or 

to solute-depleted regions around the particles. 

As the heating time was increased, the integrated 

intensity, Qo, was seen to initially increase and then become 

constant. This indicated that the phase separation occurred 

rapidly and soon reaches the equilibrium total volume of the 
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second phase. The average particle diameter was also seen to 

increase uniformly with time. 

Evidence of coalescence was subsequently seen in the 

samples treated for long periods of time. Pronounced tails in 

their Guinier plots were indicative of polydispersed systems. 

The particle growth was shown to follow the Lifshitz-Slyozov-

Wagner asymptotic growth law: r3 - r03 = /?t. The number 

density of the particles was also seen to decrease with the 

inverse of time, which is also suggestive that coalescence was 

occurring. 

The rate constant, /3, was calculated from the temporal 

particle growth behavior. Zarzycki and Naudin39 then 

calculated the diffusion constant from the rate constant while 

assuming a value for the surface tension. The activation 

energy of the diffusion constant was then calculated from the 

Arrhenius behavior of the rate constant. 

Finally, they presented particle size distributions in 

the transient and coalescing stages using a Maxwellian and 

Wagners's distribution functions, respectively. Electron 

micrographs verified that the samples closely approached the 

functions for the relevant times. 
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V. EXPERIMENTAL PROCEDURE 

A. Glass Making and Sample Preparation 

1. Making glass for clearing temperature experiments 

Glass was prepared for the binodal temperature 

measurements in the following manner. Appropriate amounts of 

99.9+ % pure PbO and B203 powders were measured to make 

approximately 30 g batches. Fifteen samples were prepared 

with compositions ranging from 4.79 to 42.91 wt% PbO. The 

powders were mixed in a bottle roller for one hour. The mixed 

powders were then placed in a platinum crucible and positioned 

in a furnace which had already been heated to 950 °C. The 

crucible was covered with a platinum lid, and the batch was 

heated for 2 hours. The melt was stirred with a platinum rod 

at 40 and 80 minutes from the time it was placed in the 

furnace. The melt was then poured onto a brass plate; it was 

cruched with an agate mortar and pestle, mixed, remelted, and 

stirred as previously described. The melt was then splat 

quenched, crushed, and mixed for final use. Three samples 

weighing approximately 1 gram each were sent for ICP analysis, 

three 1 to 2 gram samples were used for density measurements, 

and the remainder was used for clearing temperature studies. 
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2. Glass making for kinetics study 

Glasses were prepared in a manner similar to that used 

for clearing temperature samples. Appropriate amounts of 

powders were weighed to make 100 g 43 wt% PbO samples. The 

powders were mixed in a bottle roller for 1 hour. They were 

then placed in a platinum crucible and situated in a furnace 

at 1000°C for one hour. During the melting, a motarized 

platinum stirrer was used to mix the melt 45 minutes from the 

time it was placed in the furnace. The stirrer was operated 

at 120 rpm, and the melt was stirred for 5 minutes. After one 

hour, the melt was poured onto a brass plate to cool, crushed, 

mixed, and remelted as just described. Compositions were 

determined by density measurement as described below. 

3. Sample preparation for Small-Angle X-Ray Scattering 

Two methods were used to prepare samples for small-angle 

x-ray scattering (SAXS). The first method involved dipping 

platinum wire into a melt. Approximately 100 g of the 43 wt% 

PbO glass was heated to 900°C for 30 minutes. The temperature 

was then lowered to 750°C and held at that temperature for 

another 15 minutes. Platinum wire was formed into rectangular 

loops 3 cm by 1 cm. These loops were dipped into the melt and 

retrieved, forming films between 60 and 100 um thick. Sixteen 

film samples were produced for two series of SAXS experiments. 
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In the first series of experiments, a film was prepared, 

measured with the SAXS inmstrument, heat treated at 500°C for 

1 hour, and remeasured using SAXS. This procedure was 

repeated on the same sample for total heating times of 4 and 

16 hours. The second series was similar to the first 

procedure, but a heat treatment temperature of 510°C was used 

instead. Attempts were also made to heat treat several 

additional samples at 520 to 550°C, but these resulted in 

either the softening of the samples until the film flowed 

around the loop, or the films broke due to thermal expansion 

stresses between the wire and the glass. 

The second method of preparing SAXS samples involved the 

use of bulk samples, heat treating them, and then grinding the 

samples into fine powders to use as SAXS samples. Bulk 

samples of approximately 5 g were subjected to heat treatments 

of 520°C for periods of 1, 4, and 16 hours. The bulk samples 

were then ground to a fine powder with an agate mortar and 

pestle. The powder was sent through a 400 mesh screen to 

obtain a layer of particles less than 38 microns in diameter. 

The powder was then sprinkled onto a Saran film coated with 

vaseline. 
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B. Compositional Analysis 

The composition of each sample was determined by 

inductively charged plasma atomic absorption (ICP) and by 

density measurements. ICP analysis was performed by Skyline 

Laboratory on 3 samples from each batch, and the results were 

averaged. Each sample was analyzed for PbO and B203. In 

addition, analysis was performed to determine if trace amounts 

of Fe, Pt, Si02, A1203, and Zr02 were in the glass. 

Compositions were also determined by measuring the 

density of the samples and using the density-composition data 

from Shaw and Uhlmann47. Three samples were measured from each 

batch using an Archimedean density measuring device - the 

Troemner S-100 Specific Gravity Chain Balance. Heptane was 

used as the fluid because it was found that water and ethanol 

dissolved the glass, and because the change in density with 

temperature was relatively low for heptane. 

C. Binodal Curve Determination 

A 2 to 3 gram powdered glass sample was placed in a 

platinum crucible, which was then positioned in a box furnace 

at 900°C for 20 minutes. The temperature was recorded with a 

type K chromel-alummel thermocouple placed at the height of 

the melt's interface. The thermocouple was calibrated by 

observing the melting point of KC1. The temperature was then 
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lowered to a point several degrees above the previously 

recorded clouding temperature and held for 20 minutes. The 

sample was observed directly through a hole at the top of the 

furnace using a mirror. If the melt remained clear, the 

temperature was lowered 2°C, held for 20 minutes, and checked 

again for clouding. This was repeated until the first sign of 

cloudiness appeared at the top of the melt. When this 

appeared, the temperature was raised 1°C, held for 20 minutes, 

and examined. The highest temperature at which cloudiness 

still appeared was recorded as the clouding temperature. 

Three measurements were performed on each sample, and the 

average temperature was used. 

Binodal temperatures were also determined by heating the 

sample. The sample was initially placed in a furnace at 

600°C and held for 20 minutes. It was then heated to a 

temperature several degrees below a known clearing 

temperature, and held for 20 minutes. If the melt had not 

turned clear, the temperature was raised 2°C, held for 20 

minutes, and the procedure was repeated. The lowest 

temperature at which the sample appeared completely clear was 

recorded as the clearing temperature. Three measurements were 

performed on each sample, and the results were averaged. 
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D. Small-Angle X-Ray Scattering Procedure 

SAXS measurements were performed using an Anton Paar A-

8054 Kratky Camera. The x-ray source was Cu Ka line filament 

with a wavelength of 1.5406 Angstroms. The tube and counter 

slit heights were 60 um and 150 um respectively. The 

instrument is controlled and data collected by an HP 9825A 

computer. The data collection program automatically corrects 

for background radiation (i.e. parasitic scattering) and 

variations of the incident intensity. 

The thin film samples were run by placing the film, still 

attached to the platinum loop, in the sample holder. The 

first sample was run to determine if the glass was initially 

homogeneous. The remaining 3 isothermally heat-treated samples 

were run for angles ranging from 0.1 to 3 milliradians, to 

provide information on phase separated particles varying from 

40 to 1000 Angstroms in diameter. 

To analyze the powder samples, measurements were first 

taken of the tape without powder to determine if there were 

particles in the tape and to subtract the resulting scattering 

of the tape from the samples. The powder samples were then 

run using the same procedure followed for the thin films. 
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VI. RESULTS AND DISCUSSION 

This section contains the results of the composition 

analyses, clearing and clouding temperature experiments, and 

small angle x-ray scattering experiments. It includes a 

comparison of the data with previous authors' works, fitting 

of mathematical and thermodynamic models with the data, and an 

analysis of the errors inherent with the methods used. 

A. Composition Analysis 

Inductively Charged Plasma atomic absorption analysis of 

compositions up to 24 wt% PbO appear to be fairly close to the 

expected mixed compositions, as shown in Table I. Results 

from the 28 and 33 wt% samples were lower than expected by 2 

to 3%. The compositions determined for the 38 and 39% samples 

are fairly close (38.33 and 37.10%, respectively). While the 

compositions seem to be reversed, binodal measurements 

confirmed that the clearing temperature of the 37.10% sample 

was higher than the 38.33% sample. 

The results of the 40, 41, and 42% samples are much more 

scattered. Analysis of the 40% sample is on average more than 

1.7 wt% lower than the expected composition. The results of 

the 41% sample are 3% higher than expected, and the 

measurements on the 42% sample are 3% lower than expected. 
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Table I - ICP Composition Analysis from Skyline Labs 

Sample Expected PbO B2O3 Fe Total 
Number PbO Wt% Wt% wt% Wt% Wt% 

E-l 5 4.72 94.8 99.52 
2 4.89 94.3 99.19 
3 4.75 95.3 100.05 

H-l* 8 7.70 89.8 0.032 97.53 
2 7.55 87.5 0.028 95.08 
3 7.70 89.2 0.033 96.93 

AO-1* 10 9.75 86.5 0.048 96. 30 
2 9.70 87.0 0. 044 96.74 
3 9.70 87.9 0. 040 97.64 

AE-1 15 14.9 85.0 99.90 
2 14.9 84.6 99.50 
3 14.6 85.1 99.70 

BO-1 20 19.0 80.2 99.20 
2 19.9 80.0 99.90 
3 19.7 79.9 99.60 

BD-1 24 24.1 74.7 98.60 
2 23.5 74.8 98.30 
3 24.3 74.8 99.10 

BH-1* 28 26.3 71.2 0.165 97.67 
2 25.4 70.6 0.161 96.16 
3 24.9 69.6 0.164 94.66 

CC-1* 33 29.9 68.0 0.110 98.01 
2 31.3 67.4 0.105 98.81 
3 29.5 68.5 0.113 98.11 

CH-1* 38 38.1 59.3 0. Ill 97.51 
2 38.3 59.2 0.163 97.66 
3 38.6 59.6 0.057 98.26 

CI-1* 39 37.0 60.2 0.119 97.32 
2 37.4 61.1 0. 080 98.58 
3 36.9 60.7 0.067 97. 67 

DO-1* 40 38.2 58.8 0.104 97.10 
2 38.5 58.9 0.101 97.50 
3 38.1 59.8 0.102 98.00 

DA-1 41 43.8 55.3 99.10 
2 43.9 54.3 98.20 
3 44.5 54.1 98.60 

DB-1* 42 38.8 57.7 0.117 96.62 
2 39.3 56.7 0.110 96.11 
3 39.2 57.1 0.112 96.41 

- Tested for trace amounts of Pt, Si02, AI2O3 f Zr02, and Fe 
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Analyses were performed for trace amounts of Pt, Si02, 

A1203/ Zr02, and Fe. Except for Fe, all were below the 

detectable limits. These limits are: Pt <0.2 ppm; Si02 

clppm; A1203 <0.2 ppm; and Zr02 <0.1 ppm. The largest amount 

of iron detected was less than 0.17 wt%, whereas most samples 

contained less than 0.11 wt%. 

Density measurements were performed to verify the results 

of the ICP analysis due to the inconsistencies with the 28 and 

33 wt% samples, and the scattered data for all of the high-

lead samples. Determination of the compositions by density 

measurement agrees very well with most of the expected 

compositions, as shown in Table II. The two exceptions, 3 3 

and 39 wt%, were also off by significant amounts in the ICP 

analysis. In addition, the analyzed compositions are 

significantly closer to the expected compositions for the 

samples containing high lead. 

Comparison of data from the two methods (see Table III) 

shows that, on average, the compositions from the density 

measurements are closer to the original mixtures. In 

addition, data from the ICP measurements shows a great deal of 

scattering at the high lead region, and in general has a 

higher sample standard deviation. Finally, the results of the 

ICP measurements, shown in Table I, indicates that the sum of 



Table II - Composition Analysis by Density Measurements 

Expected Wt% Measured Wt% Average Wt% Std. Dev. 

10* 

15 

20 

24 

28 

33 

38 

39 

40 

41 

42 

42.5 

43 

5.21 5.18 0.0272 
5.21 
5.11 
8.78 8.71 0.0294 
8.69 
8.66 
6.58 6.75 0.0784 
6.75 
6.92 
15.81 15.89 0.0464 
16.00 
15.86 
19.76 19.91 0.0599 
19.98 
19.98 
23.93 23.84 0.4851 
22.77 
24.82 
26.73 27.23 0.4079 
26.73 
28.23 
35.23 34.67 0.8111 
36.04 
32.74 
37.21 37.56 0.1439 
37.75 
37.73 
36.98 35.92 0.5808 
34.57 
36.21 
40.03 39.89 0.0713 
39.92 
39.73 
40.21 40.70 0.2318 
40.68 
41.20 
41.60 42.02 0.1873 
42.38 
42.09 
42.50 42.61 0.0549 
42.73 
42.60 
42.98 42.91 0.0320 
42.85 
42.90 
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Table III - Comparison of Composition Measurements 

Expected 
Wt% PbO 

5 

10* 

15 

20 

24 

28 

33 

38 

39 

40 

41 

42 

42.5 

43 

Measured 
Wt% PbO 
5.21 
5.21 
5.11 
8.78 
8.69 
8.66 
6.58 
6.75 
6.92 
15.81 
16.00 
15.86 
19.76 
19.98 
19.98 
23.93 
22.77 
24.82 
26.73 
26.73 
28.23 
35.23 
36.04 
32.74 
37.21 
37.75 
37.73 
36.98 
34.57 
36.21 
40.03 
39.92 
39.73 
40.21 
40.68 
41.20 
41.60 
42.38 
42.09 
42.50 
42.73 
42.60 
42.98 
42.85 
42.90 

Average 

5.18 

8.71 

6.75 

15.89 

19.91 

23 .84 

27.23 

34.67 

37.56 

35.92 

39.89 

40.70 

42.02 

42.61 

42.91 

Std Dev 

0.0272 

0.0294 

0.0784 

0.0464 

0.0599 

0.4851 

0.4079 

0.8111 

0.1439 

0.5808 

0.0713 

0.2318 

0.1873 

0.0549 

0.0320 

I CP 
W% PbO 
4.72 
4.89 
4.75 
7.70 
7.55 
7.70 
9.75 
9.70 
9.70 
14.9 
14.9 
14.6 
19.0 
19.9 
19.7 
24 
23 
24 
26 
25.4 
24.9 
29.9 
31.3 
29.5 
38.1 
38.3 
38.6 
37.0 
37.4 
36.9 
38.2 
38.5 
38.1 
43.8 
43.9 
44.5 
38.8 
39.3 
39.2 

Average 

4.79 

7.65 

9.72 

14.80 

19.53 

23.97 

25.53 

30.23 

38.33 

37.10 

38.27 

44.07 

39.10 

Std Dev 

0.0428 

0.0408 

0.0136 

0.0816 

0.2228 

0.1963 

0.3344 

0.4456 

0.1186 

0.1247 

0.0981 

0.1785 

0.1247 
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the percentages of PbO, B203, and Fe do not add up to 100 wt%. 

This indicates that there could be an additional 5% error in 

these measurements. 

B. Clearing and Clouding Temperature Experiments 

1. Experimental Results 

The results from the clearing temperature measurements 

obtained while cooling the melt along with the average 

temperature and sample standard deviation for each composition 

are provided in Table IV. The clouding temperature results 

obtained upon heating the samples are presented in Table V, 

and the data from both are displayed in Figure 12. 

The clearing and clouding temperatures are seen to be 

closely related, and follow the trend from previous studies2,39" 

41,43,44. A comparison of the temperatures reveals that clearing 

occurs on average 1.5° higher than clouding, as expected. The 

sample standard deviation was usually within 2°. 

Several important features can be seen from Figure 12. 

First, the critical temperature Tc was determined to be 

784.1°C at a composition of 10 mol% PbO, or 26.26 wt% PbO. 

Extrapolation of the data to the softening temperatures 

determined by Zarzycki and Naudin39 indicates that the 
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Table IV - Clouding Temperature Data 

Composition Clouding Temperature Mean 

Wt% PbO 

5.18 
8.71 
9.72 
15.89 
19.91 
23.84 
27.23 
34.67 
35.92 
37.56 
39.89 
40.70 
42.02 
42.61 
42.91 

Wt% PbO 

5.18 
8.71 
9.72 
15.89 
19.91 
23.84 
27.23 
34.67 
35.92 
37.56 
39.89 
40.70 
42.02 
42.61 

1 

707.0 
742.1 
749.6 
768.8 
782.7 
785.1 
781.3 
781.9 
766.7 
770.0 
748.5 
744.5 
715.5 
694.7 
672.6 

1 

770.8 
782.6 
786.1 

785.1 
761.6 

748.0 
731.7 
693.2 

2 

707.9 
742.3 
745.5 
769.2 
783.7 
782.7 
779.8 
781.7 
767.3 
766.0 
748.1 
742.0 
715.2 
693.9 

2 

770.0 
782.8 
782.8 

783.7 
762.1 

746.8 
731.9 
692.7 

3 

708.9 
743.2 
745.1 
770.2 
785.7 
782.0 
782.6 
782.8 
767.2 
761.4 
751.2 
741.1 
716.6 
695.5 

3 

770.4 
782.2 
783.5 

783.3 
761.6 

745.7 
732.8 
692.7 

Deg C 

707.9 
742.5 
746.7 
769.4 
784.0 
783.3 
781.2 
782.1 
767.1 
765.8 
749.3 
742.5 
715.8 
694.7 

672.6 

Deg C 

699.9* 
746.9* 
752.9* 
770.4 
782.5 
784.1 
781.9* 
784.0 
761.7 
770.9* 
746.9* 
746.8 
732.1 
692.7 

Std Dev 

Deg C 

0.9504 
0.5859 
2.4906 
0.7211 
1.5275 
1.6258 
1.4012 
0.5859 
0.3215 
4.3035 
1.6862 
1.7616 
0.7371 
0.8000 

Std Dev 

Deg C 

0.4000 
0.3055 
1.7388 

0.9452 
0.2887 

1.1504 
0.5859 
0.5000 

Table V - Clearing Temperature Data 

Composition Clouding Temperature Mean 

* Data from A. Chen 
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miscibility gap extends from 0 to 44.5 wt% PbO. This is in 

fairly good agreement with previous studies39**1,43, although to 

date no study has been performed on high-lead compositions at 

temperatures near 550°C. In fact, the viscosity at this 

temperature may preclude the ability for the system to phase 

separate within any reasonable length of time. 

2. Comparison with Literature 

The data from the present study has been compared with 

the results from Geller and Bunting2, Liedberg, et. al.*1, 

Zarzycki and Naudin39, and Simmons*3. The data are presented 

in Table VI. Fitted curves of the present data with the 

results from Geller and Bunting, and from Zarzycki and Naudin, 

are presented in Figure 13. Curve fits to the data from 

Liedberg, et. al. and from Simmons are shown in Figure 14. 

The data from the literature can be used to establish 

whether there are certain features which are kinetically 

dependent on the heating rates. The data provided in Table VI 

and the two figures will be used to determine if there are 

dependences on the critical temperature, standard deviation of 

the measurements, width of the miscibility gap, and difference 

between clearing and clouding temperatures. 

One factor which seems to depend on heating rate is the 

critical temperature, Tc. As seen in Figure 14, the heating 
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Table VI - Comparison of Binodal Temperature Data 
from the Literature 

Author(s) Heating or Composition T-Heat 
Cooling Rate Wt% PbO °C 

°C/min 

T-Cool 
°C 

T-avg 
°C 

Geller & 
Bunting 

"slowly" 2.1 
5.1 

14.1 
25.9 
30.1 
36.7 
42.8 
44.9 

610 
700 
777 
780 
785 
777 
750 
746 

Liedberg, 20 3.0 666 
Rudderdr, 6.0 722 
Bergeron 9.0 756 

11.7 776 
14.4 786 
26.2 796 
36.0 780 
37.8 758 
39.6 720 
41.2 656 

Zarzycki 10 
& Naudin 

0.7 449 449 
0.9 501 486 493.5 
1.5 580 556 568 
2.4 617 605 611 
4.6 685 673 679 
6.4 710 702 706 
8.8 740 731 735.5 
12.4 783 747 765 
15.3 785 785 
20.3 786 786 
30.8 788 788 
40.9 761 744 752.5 
42.1 754 747 750.5 
42.8 712 690 701 
43.2 708 642 675 
43.6 607 580 593.5 
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Table VI (cont.) - Comparison of Binodal Temperature Data 
from the Literature 

Author(s) Heating or Composition T-Heat T-Cool T-Avg 
Cooling Rate Wt% PbO °C °C °C 

°C/min 

Simmons 1 3. 1 650. 9 647. 0 649. 0 
6. 9 722. 9 722. 9 722. 9 
14. 7 761. 4 759. 6 760. 5 
20. 6 775. 5 772. 2 773. 9 
26. 7 774. 6 772. 4 773. 5 
31. 8 769. 9 760. 7 765. 3 
35. 4 761. 0 759. 1 760. 1 
37. 6 749. 9 744. 1 747. 0 
40. 8 709. 0 701. 0 705. 0 
41. 3 713. 0 698. 0 705. 5 

Present 20 min hold 4.79 699.9 707.9 703.9 
Data 7.65 746.9 742.5 744.7 

9.72 752.9 746.7 749.8 
15.89 770.4 769.4 769.9 
19.91 782.5 784.0 783.3 
23.84 784.1 783.3 783.7 
27.23 781.9 781.2 781.6 
34.67 784.0 782.1 783.1 
35.92 761.8 767.1 764.5 
37.56 770.9 765.8 768.4 
39.89 746.9 749.3 748.1 
40.70 746.8 742.5 744.7 
42.02 732.1 715.8 724.0 
42.61 692.7 694.7 693.7 
42.91 672.6 672.6 

rate used by Liedberg, et. al. (20°/min) , produced the highest 

critical temperatureat 796°C. The rate of 10°/min used by 

Zarzycki and Naudin39 provided a lower temperature, 788°; this 

trend continues with Geller and Bunting2 and the current data. 

The data from Simmons'13, which was obtained at a rate of 

l°/rain, is also lower than the previous authors. 
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Since slower heating rates provide longer times for a 

mixture to separate, it is expected that the range across 

which separation is observed would increase with larger 

heating rates. At the slow rate used in this study, the 

sample standard deviation for the clearing and clouding 

temperature measurements was usually within 2°C. This is 

better than results from Geller and Bunting2 (5°) , Liedberg, 

et. al.41 (3°), and Simmons" (2.2°). Zarzycki and Naudin39 did 

not provide standard deviation data. While the heating rate 

does decrease from Liedberg, et. al. to Simmons to the present 

data, the results from Geller and Bunting appear to contradict 

this trend. 

Another effect of the heating rate could be on the width 

of the miscibility gap. In the present work, the stable 

miscibility gap was found to extend from 7 to 41 wt% PbO, 

assuming the liquidus temperature in this regime reported by 

Geller and Bunting2, and Zarzycki and Naudin39. This is 

somewhat wider than most of the authors' results. Liedberg, 

et. al., with the highest heating rate, had a stable 

miscibility gap extending from 8 to 38 wt% PbO. The stable 

gap from Zarzycki and Naudin's data ranged from 9 to 42%. 

Results from Geller and Bunting ran from 10 to 45%, and the 

data from Simmons extended from 11 to 38 wt% PbO. 

Simmons stated that the difference between the 



73 

undercooling and overheating is a good indication of the 

maximum error due to the heating rate. A comparison of the 

data from Zarzycki and Naudin, Simmons, and the present data 

given in Table VI, would suggest that this indication is 

valid. The data from Zarzycki and Naudin, who used the 

highest rate (10°/minute), exhibited differences of 20° to 50° 

in the metastable regions, and an average difference of 17° in 

the stable miscibility gap. Simmons", using a much lower 

heating rate at l°/minute, had a maximum difference of 15°, and 

an average difference of 5.1°. The present data exhibits a 

maximum difference of 16.3° and an average difference of 4.3°. 

From the information just provided, the following 

conclusions may be drawn regarding the dependence of the 

miscibility gap with heating rate. The critical temperature, 

Tc, does appears to be strongly related to the heating rate; 

this was supported by data from all authors. The standard 

deviation from the temperature measurements appears to be more 

dependent on the method used to determine clearing and 

clouding than on the heating rate. The width of the stable 

miscibility gap appears to increase as the heating rate is 

lowered; this is presumably due to the increased amount of 

time that a system has to show separation at a given 

composition. Finally, the difference between the clearing and 

clouding temperatures is a good indication that the 



74 

miscibility gap is strongly dependent on the heating rate. 

Several factors have been used to determine that heating 

rate appears to influence the kinetics of phase separation. 

However, some factors could also influence the data, such as 

errors in composition, the method used to determine the point 

of phase separation, and effects of contaminants. These will 

be discussed further in the section on errors. 

The gap determined by Zarzycki and Naudin39 is most 

similar to the results from the present data, as shown in 

Figure 15. The stable miscibility gaps are quite similar in 

compositional range, extending from 9 to 42 wt% PbO from the 

data of Zarzycki and Naudin, and from 7 to 41 wt% in the 

present data. In addition, the averages of the clearing and 

clouding temperature data are quite similar. However, the 

critical temperature of the present data was approximately 4°C 

lower than the results from Zarzycki and Naudin. The 

differences between clearing and clouding temperatures 

determined by Zarzycki and Naudin were also substantially 

greater than the results from the present investigation. 

One reason for the differences is due to the different 

heating rates. It has been shown that there is a dependence 

of the critical temperature, and on the difference between 
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undercooling and overheating, with the heating rate. The 

means of determining when phase separation is occuring could 

also be a prime factor. Zarzycki and Naudin used a special 

cell in which they shined a light through the sample and 

recorded the intensity with a photocell. When the intensity 

reached a certain value, they determined that separation had 

occurred. This appears to be a much moreaccurate and 

consistent means of determining when separation occurs. 

However, a significant amount of separation may have taken 

place in order to lower the intensity of the light, and this 

could account for the some of the large differences between 

clearing and clouding temperatures. 

Finally, uncertainties in compositions could affect both 

results, expecially in the metastable regimes. Zarzycki and 

Naudin39 used chemical means to determine the percentage of 

PbO, and assumed that the remainder was B203. Moreover, they 

did not report analyzing for trace elements. In the present 

study, results from ICP compositional analysis for PbO and B203 

did not yield compositions of 100%. In addition, trace 

amounts of Fe were found in some of the samples, which could 

influence the clearing temperature. Finally, in the density-

composition measurements, Shaw and Uhlmann*7 did not have the 

compositions of all of their samples determined by an 

independent means. All of these factors could introduce some 
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error into the results. 

3. Mathematical and Thermodynamic Models 

Several statistical methods were used to provide curve 

fitting to the data. A list of the formulas and their 

respective constants is provided in Table VII. 

The least squares method was used to determine 

coefficients for second, third, and fourth order polynomials; 

the results are presented in Figure 16. Correlation 

coefficients for each of these fits were 0.918, 0.918, and 

0.975 respectively. Additional fits were performed on higher 

order polynomials, but these either provided much lower 

correlation coefficients or constants which were very close to 

those determined for lower order polynomials. 

Another fitting method was also performed using the 

formulas T - Tc = a(X - Xc)2 and T - Tc = a(X - Xc)4; results 

are shown in Figure 17. The fourth order formula provided a 

fairly good fit, having a correlation coefficient of 0.946. 

This form was later found to be a special case of the formula 

used by Ohta, et. al.39 

The last method, given by Ohta, et. al.39, uses a least 

squares fit to determine the constants a and b for the 

formula: T - Tc = a + b ln(X - Xc) . This provides a very good 

fit with the present data, as shown in Figure 18. There is, 



Table VI - Curve fitting models., parameters from the present data, 
2 

and the correlation coefficient R for each curve fit 

Model Form Constants: I ( 
2 : 

R  :  a b c d e 

I ( 
2 : 

R  :  

Bi nomi al 
2 

T = a+bX+cX 664.91 9.0928 -0.1828 

t • 
« i 
i • 
i 

Trinomial 
2 3 

T = a+bX+cX +dX 663.83 D.9311 -0.19301 0.000155 

> i 
0.918 : 

i 

Polynomial 
4 3 2 

T = aX +bX +cX +dX+e 599.25 27. 17 -1.676 0.047294 -0.00050 

i 
« 

0.975 : 
1 

2nd Order 
2 

T-Tc = a(X-Xc) 1780 

1 ( 
0.855 : 

1 
t 

4th Order 
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however, substantial disagreement between the constants 

determined by Ohta, et. al. for their data (a = -4.03, b = 

0.510), and the constants determined for the present data: 

a = -1.99, b = 2.84. This is due to the 5 mol% shift of the 

boundary gap which they determined using the hot thermocouple 

method. 

The best thermodynamic solution model which fit the data 

was presented by Macedo and Simmons18. This model is based on 

a subregular mixing model presented in Section II: 

AG = x(l-x) (a-T<SS) + RT[xlnx + (1-x) ln(l-x) ] (64) 

The binodal temperature dependence on composition can be 

calculated from the first derivative of the free energy, and 

was shown in Section II to be equal to: 

Tb/Tc = [ (2+6S/R) (l-2x) ]/{ln[ (l-x)/x] + (l-x)5S/R> (65) 

In this model, the composition, x, has been normalized 

such that the end members of the miscibility gap are 

transformed to compositions of 0 and 1. The method, derived 

by Haller, et. al.48, was used for the lead-borate system by 

Simmons*3. Simmons used a value of 10 for <SS/R due to the 

flatness of the coexistence curve between 5 and 15 mol% PbO. 

It is important to note that 6S has a large affect on the 

width of the miscibility gap. If SS < 0, the gap becomes more 

narrow, while it broadens when 6S > 0. Macedo and Simmons18 
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showed that several borate systems exhibited values between +1 

and -1. They stated that the large positive value in the 

lead-borate system is due to the large change in the number of 

internal degrees of freedom. They proposed that the large 

change is due to the high valence of the lead, which allows it 

to become tetrahedrally coordinated, and therefore provides a 

large increase in the number of internal degrees of freedom. 

Simmon's model provides a very good fit to the present 

data, as is seen in Figure 19. The sum of the squares of the 

differences between the data and the calculated values were 

minimized by varying 5S/R. A minimum sum was determined at 

SS/R =7.8, which is the value used in Figure 19. This value 

is very close to the one reported by Simmons*3 for his data. 

A spinodal curve has also been generated from this model. 

It is derived from the second derivative of the subregular 

free energy of mixing given in equation (63): 

A 2AG/dx2 = - 2  (a-TfiS) + RT[1/ X  +  1/(1- X ) ]  =  0  ( 6 5 )  

from which the spinodal temperature curve is derived: 

Ts/Tc = 2 (2+fiS/R) /{1/ [X (1-X) ] + 2<SS/R) (66) 

As shown in Figure 19, the spinodal curve crosses the liquidus 

at 742°C at compositions of 15 and 36 wt% PbO. This would 

suggest that spinodal decomposition is possible in this system 

along a wide range of compositions. But as Shelby*9 stated, 
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there has been no visible, i.e. electron micrograph, evidence 

to show that interconnected separated structures have been 

found in this system characteristic of spinodal decomposition. 

In fact, all of his measurements, as well as those of Mazurin, 

et. al.50 have shown a sharp change in physical properties 

between 8 and 12 mol% PbO. This lead Shelby to the conclusion 

that across the critical composition, the structure changes 

directly from lead-rich particles in a borate matrix below 10 

mol% PbO, to borate-rich particles in a lead-rich matrix above 

11.5 mol% PbO. 

4. Discussion of Errors 

One of the major objectives in comparing the data 

determined by the different techniques is a discussion of 

errors inherently arising from each method. The chief 

concerns in the observation of phase separation include errors 

in the composition of the sample being observed, errors 

inherent in the method used to observe separation, and errors 

in the equipment used in the experiments. 

Several factors affect the compositional accuracy, 

including the method used for analysis, trace amounts of a 

third component, volatility, and crystallization. The 

principal source of error was the inaccuracy of compositional 

analysis of the samples. While several authors2,39,*3 used 
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chemical analysis to determine the PbO content, they did not 

perform analysis of B203/ and assumed the remainder was borate. 

As was previously shown in Table I, this is not necessarily 

true. In ICP analysis, total compositions were off by as much 

as 5%, while most were within 2%. In the density-composition 

analysis, the main concern was the lack of independent 

chemical analysis by Shaw and Uhlmann". Judging by their 

results, there could be compositional errors by as much as 1.5 

wt% PbO, although most were within 0.40 wt%. 

Previous studies did not report any analysis for trace 

elements. Addition of some third components has been shown to 

effect the tendency for a system to separate; this has been 

reported by Tomozawa and Obara51, Nakagawa and Izumitani52, and 

Tomozawa53. 

In order to determine if the high iron content affected 

the immiscibility gap, the data was reviewed to see if any 

trend exists between iron content and clearing temperature. 

It was shown in Table I that the amount of iron in samples 

ranged from 0.03 wt% to 0.17 wt%. If the compositions 

containing low levels of iron are compared with the calculated 

immiscibility curve in Figure 19, it is seen that the data is 

scattered above and below the curve. Similarly, the clearing 

temperatures of high iron compositions lie above and below the 

curve. Since there is no consistent behavior of the clearing 
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temperatures with respect to the iron content, the iron does 

not appear to affect immiscibility in this system. 

Another source of error could be the volatility of the 

compounds during the experiments. During the measurements, 

samples were be heated for up to 10 hours at a time; therefore 

composition analysis was performed on a sample before and 

after clearing temperature experiments. The initial average 

composition was determined to be 41.80 wt% PbO, and after 

heating was found to be 41.79 wt% PbO. This would indicate 

that little change occurred during the experiments. Another 

set of measurements were performed to see if any mass was lost 

during heating. Two samples of 42 wt% PbO powder were mixed 

and heated for 4 hours at 950°C. Their initial and final 

masses were found to have an average loss of 2.4%. Assuming 

all the mass lost was PbO, the composition would change from 

42 wt% to 41.42 wt% PbO, a change of less than 0.6 wt% in 

composition. 

Crystallization was observed during experiments by 

Liedberg, et. al.*1, Simmons43, and in the present study. 

Assuming an initial composition of 40 wt% PbO, and an 

observation of B203 crystals consisting of 5% of the total 

mass, the composition could be shown to change by as much as 

2 wt%. In this study, any samples which exhibited 
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crystallization were not used to determine clearing or 

clouding temperatures. 

The method used to measure the temperature of the melt is 

important, and can induce an error of several degrees. These 

errors could be due to the means of observing phase 

separation, and errors in measuring the temperature of the 

sample. 

Several methods or devices have been used to observe 

phase separation. These include direct observation2,41, 

observation using a stereoscopic microscope focused on a 

droplet43, transmitting light through the sample and recording 

the intensity with a photocell39, determining the change in 

slope of the resistivity of the glass40, and DTA analysis of 

the samples39,44. 

In the case of direct observation, it is known that a 

sample may not become translucent or opaque even if phase 

separation has begun. Samples which are not held isothermally 

may result in errors of up to several degrees. In addition, 

determination of the point of opacity can be subjective, 

leading to differences of several degrees, as reported by 

Simmons43. The use of the light and photocell by Zarzycki and 

Naudin39 and resistivity measurements by Kroger and Lieck40 

provided good quantitative methods for determining when phase 
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separation began occuring. However, there were problems with 

the photocell in that the beam had to be shuttered to make 

sure that there was an observable difference in the intensity. 

The DTA method performed by Ohta, et. al.44 significantly 

increased the precision of clearing temperature measurements, 

and provided an accuracy of within 0.1°. 

The method used by Simmons" to determine the clearing 

temperature involved use of a droplet suspended at the end of 

a thermocouple. This procedure would seem to result in a much 

higher chance of volatilization due to the small volume and 

high surface area of the glass. However, Simmons reported 

that evaporation of either or both components did not appear 

to occur; measurements lasted only 1 to 2 hours, and results 

were obtained before composition changes could occur. He did 

not, however, perform any chemical analysis to verify this 

statement. 

Calibration of the thermocouple could have a significant 

impact on the reported temperature. At the temperature range 

in these studies, type K chromel-alumel thermocouples may be 

off by as much as 6°C, as given in the Omega Temperature 

Measurement Handbook. With the exception of this study, 

Geller and Bunting were the only authors who reported 

calibrating their thermocouples. 

In several of the studies*0,41,43, the thermocouples were 
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imbedded in the melts, while Ohta, et. al.44 used the 

thermocouple to support the samples. This method provides a 

very accurate measurement of the temperature of the melt, 

providing the instrument is calibrated. 

If the thermocouple is not embedded in the sample, care 

must be taken to ensure that it is at the same temperature as 

the sample. In the present study, it was found experimentally 

that if the thermocouple was raised 1 cm, the temperature 

changed by 0.8°C, so extreme care was taken to insure exact 

positioning of the thermocouple. 

Another consideration was that the high reflectivity of 

the platinum could shield the melt from some of the radiative 

heat in the furnace. Temperature measurements were also 

performed in and outside of an empty crucible, and little or 

no temperature difference was found. 

The results of the present data with error bars are 

presented in Figure 20. The curve is a least squares fit of 

the data to the model presented by Haller, et. al.48. The 

temperature error bars denote the spread of the lowest and 

highest clearing temperatures determined both by heating and 

cooling the samples. The mean error was found to be 4.84°. 

In addition, fluctuations of ±0.2°C were observed during the 

20 minute isothermal periods. This leads to a total possible 
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error in the measured clearing temperatures of 5.04°C. 

The error bars of the composition reflect the spread of 

the density data. The mean error in composition was 

determined to be 0.505 wt% PbO. There is a further error due 

to the resolution of the instrument of ±0.00005 g/cm3. This 

could lead to an error of ±0.05 wt% PbO. In addition, the 

density-composition data from Shaw and Uhlmann" was found to 

vary between some analyzed samples and as-prepared samples by 

0.39 wt% PbO. To minimize the error from Shaw and Ulmann's 

data, composition determination of the high-lead samples was 

calculated based on their chemically analyzed samples. This 

leads to a total possible error in composition of 0.945. This 

is a very significant uncertainty, and would be most sensitive 

at the two ends of the miscibility gap. 

C. Small-Angle X-Ray Scattering Experiments 

In an attempt to study the kinetics of phase separation, 

small-angle x-ray scattering (SAXS) was used to analyze 

several samples of heat-treated lead-borate glass. An 

introduction on SAXS will be presented, including the 

principles and theory of small-angle scattering, the an 

overview of the equipment, and the analysis methods performed 

on the data. Finally, the three series of SAXS experiments 

will be described along with their results. 
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1. Overview of Small-Angle X-Ray Scattering 

Small-angle x-ray scattering is very similar to x-ray 

diffraction (XRD). An x-ray beam incident on a sample is 

scattered according to Bragg's relation, and thus allows the 

determination of periodic structure in the sample. The 

difference between XRD and SAXS lies in the size of the 

periodic structures which can be analyzed. XRD is concerned 

with lattice spacings on the order of 2 Angstroms, and 

therefore involves angles of several degrees to several tens 

of degrees. SAXS is used for measuring particles on the order 

of tens to thousands of Angstroms in diameter. In this case, 

scattering is caused by the difference in electron densities 

between two regions. Typical angles analyzed in SAXS range 

from 0.04 to 0.1 degrees. 

The SAXS instrument consists of an x-ray source, a beam 

collimator, the specimen block, and an x-ray detector. The 

particular instrument used for these experiments was an Anton-

Paar 8054 Kratky camera. It consists of a Cu Ka line filament 

producing a line source with a wavelength of 1.5406 Angstroms. 

The resolution of the system is determined by the collimation 

system. In the Kratky camera, shown in Figure 21, the first 

slit and block define the resolution. The last block is used 

to reduce parasitic scattering, which is unwanted scattering 
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Figure 21 - Schematic drawing of the 
Kratky block collimotion system. 
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due to the edges of the slit, blocks, sample holder, and 

windows in the instrument. The sample is mounted in a 

specimen holder which lies immediately to the right of block 

B2. The diffracted beam is detected by a single channel 

proportional counter. 

Initially, x-rays pass through the slit and blocks and 

are diffracted by the sample. The diffracted beam is detected 

by the counter, which is slightly off-axis from the incident 

beam. After a given period of time, the total counts at that 

angle 0 are recorded and the detector is moved to a new angle, 

where new measurements are taken. This provides intensity 

data as a function of the diffracted angle. 

The intensity of the scattered beam has been defined19 as: 

1(h) = 47rf<p(r) *r2sin(hr)/(hr) dr (69) 

where the parameter h is related to the angle of the detector 

from the beam axis by 4irsin0/A.. 20 is the angle between the 

initial and diffrated positions of the beam and X is the 

wavelength of the x-radiation. The distance m perpendicular 

to the axis is related to the angle 0 by m = Ltan0, where L is 

the distance from the x-ray source to the detector. 4>(r) is 

the correlation function which depends on the electron density 

p(r) by the equation: 

0(r) = Jp(r')*P(r+r') dV (70) 
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< p ( r )  provides complete information on the structure of the 

body which is diffracting the x-ray. 

The data has been analyzed following the methods of 

Guinier and Fournet5*. They determined that when the intensity 

data is plotted against h2, known as a Guinier plot, the 

average diameter of the particles may be determined from the 

slope of the plot: 

DaVg = 345.8 [-d (log10 (I))/d(m2) ]1/2 (71) 

where d(log10(l)/d(m2) is the slope of the Guinier plot, I the 

corrected intensity, and m is the distance between where the 

initial position of the beam intersects the detector to the 

present position of the beam. The 345.8 is determined from 

the structure factor, F(h), and an instrument constant K such 

that 1(h) = KF(h)2. 

The intensity of each sample has been corrected for 

thickness differences between the samples by the formula: 

Ie = Ie/ [exp(l) *t*ln (1/t) ] (72) 

where Ic is the corrected intensity, Ie is the experimental 

intensity, and t is the exit slit transmission of the sample. 

This factor was included to normalize films of various 

thickness to the optimum sample thickness. 

The relative number density, N, can be determined from a 

Guinier plot at the point where the intensity 1(0) intersects 

at h = 0. If the heating time increases, the number density 
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of secondary phase particles N will increase up to the 

coalescence stage. If the intensity curves are plotted back 

to intercept at h = 0, it will be seen that 1(0) will 

increase. Analysis of the change in number density with time 

will provide the nucleation rate time constant. 

Unfortunately, the present data are too inaccurate to provide 

a credible analysis. 

Three series of small-angle x-ray scattering experiments 

have been performed on samples with a compostion of 43.8 wt% 

PbO. The first set involved heating a single film at 500° for 

increasing lengths of time and taking SAXS measurements 

between each thermal treatment. The second was identical to 

the first with the exception that the film was heated at 510°. 

The final group of experiments consisted of heating block 

samples at 520° and taking measurements of powder ground from 

the samples. In addition, attempts were made to heat films at 

550° and 520°C, but these films softened and flowed to the 

edges of the loop. The data was analyzed and is presented in 

the Appendix along with a Guinier plot for each run. 

2. Film Samples 

In the first and second series of heat treatments, a film 

was heated, measured using SAXS, removed from the SAXS mount, 
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and reheated. This was repeated for 1, 4, and 16 hours at 

500°, and for 1 and 4 hours at 510°. The repeated expansion 

and contraction of the platinum loop, on which the film was 

suspended, caused a large amount of stress across the films. 

This usually resulted in the formation of cracks and holes. 

The data in Figures 22 and 23 are from films which survived 

the heat treatments without development of holes or cracks. 

A Guinier plot of the films heated at 500° is presented 

in Figure 22. Analysis of the slopes, as previously 

discussed, led to average diameters of 26, 18, and 23 

angstroms respectively for treatments of 1, 4, and 16 hours. 

At the same time, the intensity at h=0 increased from 9 to 12 

at 1 and 4 hours, and then decreased to 4 at 16 hours. This 

signifies that the number of particles initially increases, 

and then decreases at some time after 4 hours of heating. 

This would appear to indicate that the sample undergoes an 

initial nucleation and growth period past 4 hours, and then 

reaches a stage of coalescence at some time before 16 hours 

ofheating. However, there is not enough data to determine if 

this is a credible result. 

The results of the second series are presented in Figure 

23. In this case, the average diameter decreased from 22 to 

15 Angstroms at heating times of 1 and 4 hours respectively. 
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In addition, 1(0) decreased from 4.9 to 4.2, which would mean 

that the number of particles decreased. However, there are 

large fluctuations in the data with increasing scattering 

angle, so the data are too inaccurate to draw any firm 

conclusions on the development of the second phase. 

3. Powder Samples 

The last set of experiments involved the use of powder 

samples. As preparation to determine if powder samples could 

be used, SAXS measurements were taken of one tape and three 

films (polyethylene, cellulose acetate, and saran wrap). 

Vaseline was applied to the films as an adhesive for 

thepowder; the resulting data and Guinier plots are also 

included in the Appendix. 

The supporting films had fairly good transmission values, 

ranging from 0.822 for the saran wrap, to 0.943 for 

polyethylene. The tape also had a fairly good transmission of 

0.928, but produced a tremendous amount of scattering, 

presumably due to the adhesive. The saran wrap, while having 

a relatively low transmission, also produced the lowest 

scattering, and was therefore chosen as the film for the 

powder samples. 

Blocks of lead borate glass were heated at 520°C for 

periods of 1, 4, and 16 hours. The samples were heated at 
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520°, rather than 500°, because at this temperature, the 

kinetics of the separation would be more favorable. This is 

due to the decrease in the viscosity allowing diffusion of the 

second phase to be higher at increasing temperatures. By 

providing more favorable conditions for phase separation, it 

was felt that the initial results would prove if the method 

was working, rather than question if immiscibility was taking 

place. 

Once heated, the blocks were then ground with an agate 

mortar and pestle and screened to -400 mesh, which is 

equivalent to less than 38 jum. The powders were sprinkled 

evenly across the vaseline coated film, and the excess powder 

was shaken off. Measurements for the sample which wasn't heat 

treated and for the 4 hour heating are presented in Figure 24. 

As is apparent from the Guinier plots and the absence of a 

straight line, the scattering is due to reflection of the x-

rays off of the ground particles, rather than from separation. 

A great deal was learned from the alternate preparation 

methods for SAXS. Initially, attempts were made to prepare 

SAXS samples using the standard method of cutting a block, 

grinding with 15 /xm alumina powder, and polishing with 5 nm 

cerium oxide; this is then repeated on the opposite side. 

Since the optimum thickness for 45 wt% PbO is 28 /xm, and the 
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glass is relatively soft, there were many problems with 

survivability of the samples during preparation. Therefore, 

two methods were explored to provide samples which would 

survive sample preparation. The technique of dipping a 

platinum wire loop in a melt produced fairly good films. 

Films as thin as 11 /xm were measured, and the thickness could 

be controlled by changing the temperature of the melt. The 

films produced by this method had transmission factors well 

within the range required for accurate SAXS measurements. It 

also provided a means of providing a sample which could be 

measured by SAXS, reheated, and measured again. 

The chief problem involved the difference in thermal 

expansion of the wire loop and the glass during heating and 

cooling. This often led to rips and holes in the samples, and 

required much duplication of measurements. Attempts were made 

to heat the sample at relatively low rates, but this did not 

alleviate the problem. Another problem was the removal of the 

sample from the SAXS mount, since the sample was secured to 

the mount by adhesive. Removal often led to stress across the 

film, often with the production of tears in the sample. 

Finally, the method does not produce films which are perfectly 

planar on both sides; therefore, any misalignment of the 

Kratky camera could produce erroneous results. 

The second technique for preparing samples by grinding 

them into powders was attempted based on the results of 



105 

Liedberg, et. al.A1, and was hoped to provide a method for 

analysis of future experiments in micro-gravity research 

projects. Since the results from Liedberg, et. al. are 

questionable, indicating phase separation at compositions far 

outside the miscibility gap, it was decided to try using a 

smaller particle size. 400 mesh was used because the particle 

size, 38 ^m, was very close to the optimum thickness needed 

for transmission, and because that is the smallest mesh 

available. While the transmission appears to be very good at 

0.464, it apppears that all of the scattering is due to 

reflections from the particles rather than from phase 

separation. 
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VII. Conclusions 

The compositional analyses provided fairly good results. 

Compositions determined by ICP were close to the expected 

mixture compositions up to 24 wt% PbO. Compositions at 28 wt% 

and above differed from the expected mixtures by +/- 2 to 3 

wt%. The compositions determined by density measurements in 

conjunction with data from Shaw and Uhlmann47 were all within 

1 wt% of the as-prepared compositions, with the exceptions of 

33 and 39 wt% PbO. Finally, analysis for trace amounts of 

Si02, A1203, Zr02, and Pt were below detectable limits. Less 

than 0.11 wt% Fe was found in most samples, but this was shown 

not to significantly affect the miscibility gap in the lead 

borate system. 

The outcome of the clearing and clouding temperature 

measurements were similar to data in the literature. The 

stable miscibility gap extended from 7 to 41 wt% PbO, and the 

metastable gap reached from 0 to 44.5 wt% PbO. The highest 

clearing temperature, or critical temperature, was determined 

to be 784°C at a composition of 26 wt% PbO. The average 

difference between the clearing temperature and clouding 

temperatures was 4.3°C, and a maximum difference of 16.3° 

occurred at a 42.6 wt% PbO composition. 
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Results from the clearing and clouding temperature 

measurements are quite consistent with the literature, 

especially at the low lead region of the miscibility gap. 

These results most closely agreed with the data from Geller 

and Bunting2 and Zarzycki and Naudin39; and to a lesser extent 

with the results from Liedberg, et. al.*1 and Simmons*3. There 

is a divergence between the authors of their results at the 

high lead side of the gap. This was shown to be related to 

the heating and cooling rates used to determine the binodal 

curve, such that at higher heating rates, separation was 

observed at lower temperatures for a given compostion. 

One relation observed from a comparison of the present 

data with the literature is that as the heating rate 

increases, the maximum clearing temperature, or critical 

temperature (Tc), increases. This relation is based on the 

results of the studies by Leidberg, et. al.*1 (20°/roin, Tc = 

796°C) , Zarzycki and Naudin39 (10°/min, Tc = 788) , Geller and 

Bunting2 (several °C/min, Tc = 786), and Simmons" at l°C/min 

and Tc = 774. There does appear to be a rather large decrease 

in the critical temperature between Geller and Bunting's and 

Simmons' data, especially when compared to the critical 

temperature of 784°C from the present investigation. 

The results of this study also verified Simmons' 

observation that the difference between overheating and 
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undercooling when observing phase separation is minimized with 

lower heating and cooling rates. This can be confirmed from 

the results reported by Zarzycki and Naudin39, who had an 

average difference of over 20°, to Simmons, having an average 

difference of 5.1°, and the present study, with an average 

difference of 4.3°. 

The present data was found to be most similar to the 

findings of Zarzycki and Naudin. The compositional range of 

the stable miscibility gap determined from the two studis is 

similar, as well as the average binodal temperatures. There 

were two main differences between the data from Zarzycki and 

Naudin and from the present study. The critical temperature 

determined by Zarzycki and Naudin was 4° higher. The 

differences between the undercooling and overheating 

temperatures were also higher. These differences are due to 

the higher heating rate used by Zarzycki and Naudin, the 

method used to determine the point of separation, and the 

uncertainties in compositional analysis of the two studies. 

The various methods of curve fitting indicate that the 

binodal is best represented by an approximately third order 

curve, as determined using the method from Ohta, et. al.**. 

The fourth-order polynomial and fourth-order formula of the 

form from Ohta, et. al. also provide a fairly good fit. 
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However, these curves do not provide as accurate of an 

estimate of the high-lead boundary of the miscibility gap. 

The model from Macedo and Simmons18 yields a very good fit 

to the data after the entropy parameter has been determined. 

The entropy parameter for this system is still very high, 5S/R 

» 8 compared to other borate and silicate systems, where 5S/R 

lies between -1 and 1. This high value was attributed to the 

relatively broad, flat immiscibility region. In addition, 

this model produces a very accurate estimation of the high-

lead boundary. 

Several sources of error were identified in the study. 

The predominant factors were the uncertainty of the 

compositions, and the determination of the temperature at 

which separation occurred. Results from the ICP analysis were 

very consistent for the low-lead compositions up to 24 wt% 

PbO, but extended up to 5% error for higher PbO compositions. 

Composition determination by density measurements were within 

0.9 wt% PbO of the expected or prepared values, but data used 

to calculate the compositions were inaccurate by up to 0.4 

wt%. 

The temperature at which a sample first begins to show 

cloudiness to the temperature at which it is opaque ranges 

from 2 to 3°. Therefore, it is critical to a priori set the 
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critieria for which the clouding or clearing temperature 

occurs. In the method of using a light and photocell, 

developed by Zarzycki and Naudin39, the sample may require a 

significant portion of separation to occur in order to achieve 

the difference in signal used to determine the clouding point. 

The extension of the temperature data from the lowest clouding 

temperature to the highest clearing temperature was usually 

within 5°C for a given composition. During the 20 minute 

"isothermal" heat treatments, fluctuations of ±0.2° were 

observed. 

There were several other possible sources of error, 

including the effect of a third component, volatility, and 

crystallization. ICP analysis for trace amounts of Pt, Si02, 

A1203, and Zr02 were negligible. The effects of Fe, which was 

found to be less than 0.11 wt%, were shown to be 

insignificant. Tests for volatility inidicated that very 

little mass was lost (>1% after 4 hours), and that the change 

in composition was minimal (0.01 wt% PbO). Crystallization 

could still be a problem by affecting the composition of the 

melt, and hence provide an incorrect clearing temperature. 

The qualitative results from the first SAXS measurements 

indicate that the system undergoes nucleation and growth at a 

temperature of 500°C for heat treatments up to 4 hours. At 
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some time between 4 and 16 hours, coalescence occurs. 

Quantitatively, the data was too inaccurate to provide 

reliable results. Results from the second series of 

experiments are inconclusive due to the scattering of the 

data. However, results from both series indicate that the 

dipped films do provide a viable method of preparing thin 

samples (less than 100 um) for SAXS measurements. 

Preparation of SAXS samples by dipping a Pt wire frame 

into a melt worked fairly well. The thickness of the sample 

could be controlled by regulating the temperature of the melt, 

and measurements were taken of the same sample after it had 

been subjected to a succession of heat treatments. 

The main problem with the method is the mismatch of the 

thermal expansion coefficients of the frame and the glass. 

Continued reheating tends to cause significant stresses across 

the film which always led to cracking and deterioration. 

Another problem is the temperature range at which this method 

can be used. Films softened and flowed at temperatures as low 

as 520°C, whereas bulk samples have been treated up to 550°. 

The conclusions drawn from the powder sample experiments 

is that the powder method does not appear to work very well. 

The high intensity scattering (two orders of magnitude higher 

than the intensities from the film results) would indicate 
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that there are a tremendous number of particles. However, 

such intense scattering was not seen in the film samples. 

Since very few measurements of the powdered samples were 

performed, additional work should be investigated using glass 

compositions which are known to separate. In addition, either 

longer count times or smaller angle divisions should be used 

to obtain more accurate SAXS measurements before this method 

is discounted. 



Appendix - Small-Angle X-Ray Scattering Results 
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SAXS Da ta  Ana lys is  Par t i c le  s i ze  ana lys is :  

Sample # 295 slope: -0.00341 114 
Davg: 20 Angstroms 

Sample Description: 
43 wt7. PbO dipped film #7 - no heat treatment 

T value 0.157 SCM3 file 2 
10 value 323.12 SCMH M # 49 
L 20B RCN] N # 24 

Mi X lOOP Kb/Kx 
mm cps •/. 

1 0. 3 B. 11 11.3 0. , 781 
2; 0. 4 6.45 5.8 0. .791 
3 0. 5 6. 11 3.7 0. . 797 
4 0. 6 5. 95 2. B 0. .797 cr 0. 7 6. 07 2. 3 0. , 793 
6 0. 8 5. 79 2.2 0. .797 
7 0. 9 5.69 2 0. . 795 
8 1 5.75 1 . 8 o. 796 
9 1. 1 5 • 73 1 . 8 0. , 798 

10 1 . 2 5. 74 1. 7 0. 802 
1 1 1. 3 5. 75 1 . 7 0. , 803 
12 1. 5 5. 79 1. 6 0. 803 
13 1. 7 5.75 1 . 6 o. , 799 
14 1. 9 5. 65 1. 6 0. 796 
15 '2.. 1 5.99 1.5 0. 797 
16 2. 3 5. 67 1 . 5 0. B0 7 
17 2. 5 5.5 1 . 6 0. , 806 
1 8 2. 7 5. 6B 1 . 5 0. 808 
19 2, 9 5. 65 i _ 5 81 1 
20 3. 1 5. 72 ; . 5 0. 609 
21 3. 3 5. 72 1 . 5 0. 805 

• 'am* 

In tens i ty  t ransmiss ion  i ror rea io i  f j .n t i  

Correction: Ic = I / Ce+-Te*l n ! / Tr- ' ? 

3 in 2 Ic 1 og 10< Ic • 

1 0.09 14.30 1.1554 
0.16 7.34 0.8657 

3 0.25 4.60 0.6705 
4 0.36 3.54 0.5494 

0.49 2.91 0.4640 
6 0.£4 2.78 0.4447 
7 0.81 2.53 . 0.4 033 
h 1 2.28 0.3576 

1.21 2. 26 0. 357 6 
10 1.44 2.15 '.''.3327 
11 1.69 2.15 0.3327 
12 2.25 2.02 0.3064 
I 2.B':' -2.0.:-;064 



SAXS OF PhO-B^Os FILM 
NO HEAT TREATilENT 
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Par t i c le  s i ze  ana lys is  

f 
SAXS Da ta  Ana lys is  

Sample # 297 

Sample Description: 
43 wt7. PbO dipped film #7 

si ope: 
Davg: 

- heated 1 hour at 500 C 

-0.00566 116 
Angstroms 

T value 0.163 SCM3 file 2 
10 value 323.12 SCMD M # 49 
L 208 RCN3 N # 24 

i M I 1OOP Kb/Kx 
mm cps V. 

1 0. 3 9.34 9. 9 0.914 
2 0. 4 7. 74 4.8 0. 94 
c 0.5 7.53 3 0.939 
4 0.6 6.96 2.4 0. 947 
5 0.7 6.94 2 0.943 
6 0.8 6. 9 1.8 0.947 
7 0. 9 6. 96 1.6 0.947 
8 1 7. 15 1.5 0. 952 
9 1 . 1 6. 96 1.5 0.954 
10 1.2 7. 01 1.4 0.948 
1 1 1. 3 6. 78 1.4 0. 958 
12 1. 5 6.81 1. 3 0.96 
13 1 . 7 7. 06 1 . 3 0.95 
14 1. 9 6. 92 1 . 3 0. 955 
15 2. 1 6.59 1.3 0.955 
16 6. 86 1 . 3 0. 958 
17 it.' • 5 6. 86 1. 3 0. 952 
IB 2.7 6.69 1 . 3 0.957 
19 2. 9 6.65 1 . 3 0. 963 
20 3. 1 6. 84 1 . 3 0. 959 
21 o • o 5.72 1 . 5 0. BOS 

Intensity transmission correction factor 

Correction: Ic = I/Ce#Te*1n(1/Te>3 

l frr ' 2 I c 1 OQ * 1 c 

] 0 09 11.62 1 . 0652 
;• o 16 9.63 ' 1.9836 

ill 25 9.37 > i. 9717 
0 36 13.66 i i.9375 

5 0 49 8. 63 < ). 9362 
f_. 0 64 8. 58 i. 9337 
7 0 81 8. 66 ). 9375 
f 1 8.90 ' i.9492 

1 21 8.66 ' i. 9375 
10 1 44 8.72 i >. 'rM 
i 1 1 69 B. 44 < ). 9261 
i; -•'5 15.47 < ). 9:: 80 
; r Q9 P. 78 
; •; 3 f,l h .61 ' >. *33ij0 
• ; .  •1 4 ! f-i. 20 > 
• i 

r 
-

™iw 
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SAXS OF Pb0-B203 FILM 
HEATED 1 HOTJTR AT 500°C 
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SAXS Da ta  Ana lys is  Par t i c le  s i ze  ana lys is  

Sample # 300 slope: -0.00282 118 
Davg: 18 Angstroms 

Sample Description: 
43 wtX PbO dipped film #7 - heated 4 hours at 500 C 

T value 0.125 SCM3 file 2 
10 value 323.12 SCM3 M # 54 
L 208 RCN3 N # 30 

i M I 100P Kb/Kx 
mm cps '/. 

1 0. 3 9.22 9. 9 1.145 
2 0.4 8.93 4. 2 1. 155 
3 0.5 8.73 2.5 1. 163 
4 0.6 8.75 1.9 1. 153 
5 0.7 8.35 1 .£ 1. 153 
6 0.8 8. 19 1. 5 1. 142 
7 0.9 8 • 59 1.3 1. 136 
8 1 8.47 1. 2 1. 146 
9 1. 1 8.52 1 . 2 1. 152 
10 1.2 8.51 1. 2 1. 147 
11 1.3 8.57 1. 1 1. 158 
12 1.5 8.58 1. 1 1. 149 
13 1.7 8. £7 1 1. 155 
14 1.9 8.59 1 1. 145 
15 2. 1 8.49 1 1. 143 
16 2. 3 8.84 1 1. 152 
17 2.5 8.43 1 1. 154 
18 2.7 8.38 1 1. 147 
19 2.9 8.£3 1 1 . 159 
20 3. 1 9. 14 1 1. 159 
21 3.3 8. £5 1 1. 156 

•asasa* 

Intensity transmission correction factor 

Correction: I>; = I/Ce*Te*l n ( 1 /Te) 3 

i m~2 Ic loa(Ic) 

1 o
 

o 13.0491 1 . 1156 
2 0. 16 12.6386 1.1017 
o O. 25 12.3556 1.0919 
4 'It. 36 12.3839 1.0929 

0.49 11.8178 1.0725 
€•  0.64 11.5913 1.0641 
"7 0.91 12. ir.^j 

j; . • 



SAXS OF PbO-BaOa FILM 
HEATED 4 HOURS AT 5Q0X 
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SAXS Da ta  Ana lys is  Par t i c le  s i ze  ana lys is  

Sample * 304 slope: -0.00445 120 
D: 23 Angstroms 

Sample Description: 
43 ut'/. PbO dipped film #7 - heated 16 hours at 500 C 

T value 0.357 SCM3 file 2 
10 value 323.12 SCM3 M # 57 
L 208 RCN3 N # 33 

i M I 100P Kb/Kx 
mm cps 

1 0. 3 28.69 3. 6 0. ,741 
2 0.4 11.85 3.6 0. 748 
3 0.5 7.67 3.2 0. 745 
4 0.6 5. 94 3 0. 747 
5 0.7 5. 06 2.9 0. 751 
6 0.8 4.4 3 0. 754 
7 0. 9 4. 42 2.6 0. 759 
8 1 4.26 2. 5 0. 752 
9 1. 1 4. 36 2.4 0 .  751 
10 1.2 3.9 2.6 0. 752 
1 1 1.3 3.96 2.4 0 .  756 
12 1.5 3.81 2.4 0. 75 
13 1.7 3.93 0 .  754 
14 1.9 3. 64 2. 4 0. 757 
15 2. 1 3. 69 2. 3 0 .  749 
16 2. ° 4. 08 2. 1 0 .  75£ 
17 2.5 3. 61 2. 3 0 .  749 
18 2. 7 3. 56 *1. A O 0 .  755 
19 2.9 3. £2 2. 3 0 .  752 
20 3. 1 3. 69 2.2 O .  7 b 5  

21 3.3 3. 55 2.3 0 .  75*3 

Intensity transmission correction factor 

Correction: Ic = I/Ce*Te*ln<3/Te>1 

i m"2 Ic 1og CIc) 

0. 09 
0. 1 £ 

0. 36 
0. 4 9 

28.7027 
11.8552 
7.£734 
5.9426 
5.0622 
4  .  4  0  1  ' r  

1 .4579 
1.0739 
0.8850 
' I ' .  774 0  

0 .704 3  



SAXS OF PbO-B2Oa FILM 
HEATED 4 HOURS AT 500*C 
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SAXS Data Analysis Particle sire analysis 
slope: -0.00421' 

Sample # 318 D: 22 Angstroms 

Sample Description: 
43 wtV. Pb0-B203 film 15 — no heat treatment - prelim to 510 C heating 

122 

T value 0.242 SCMlfile 2 
10 value 323.12 SCM] M # 7C 
L 208 RCNJ N # 44 

i Mi 1 100P Kb/Kx 
fllff) cps '/• 

1 0.  3  4. 05 22 • / 0.  70b 
2 0.  4 3 .  8£ 9. S 0.  718 
3 0.  5 4. 21 5. 4 0.  718 
4 0. £ 4. 3w» 3 * 9 0.  719 
£T 0 .  7  4. 21 3. 3 0.  717 
£ 0.  8 4. 39 2. 9 0.  719 
7  0. CI 4. 3£ £ 0.  720 
B 1 4. 30 • -V 4 0.  72: 
9 3. 1 4 . 20 2. 4 0.  720 
IO 1. 2 4. 13 2. 4 0.  718 
1 1 1 . 4. 17 2 .  3 0.  717 
12 1. 5  4. 31 2. 1 0.  713 
13 1. 7  4. £9 1. 9 0.  7 1 £ 
14 1 • Q 4. 34 2 *  0 0.  715 
15 2. 1 4, 2£ 2» 0 0.  717 
1 £ 2. 3 4. 3£ 2. 0 0. 720 
2 7 2. 5 4 . 33 2.. 0 0. "lb 
1S 7  u. 29 2. 1 \) l[ <. ~Vv-
19 2'. S 4 . 1 3 2. o  0. 7 1 5 
20 3 4. 1 £ 2« 0  ~ 1 £ 
21 3-  .  2 4 .  £ 2  I . 9 — ,  —  

I n T en 5: * > t r ̂  n s m: s =• 1 •: 

Cot re-: t: on: 

or r ec t : on i i 

I ~ I ' C e*Te* 1 n > 1 7& • I 

1 oq:O< 3 c 1 

1 0. 09 4 3393 0.£374 
-• 0. 1 £ 4 1357 0. £ 1 bt 

0. 25 4 510" 0.£541 
0. 3t. 4 ££07 0.£££5 

53 0" . £541 
'.-.i . i -



SAXS OF Pb0-B203 POWDER 
NO HEAT TREATMENT 

Davg = 22 Angstroms 

SCATTERING ANGLE M3 - mm2 



SAXS Da ta  Ana lys is  

Sample  #  320  

Sample Description: 
43 wtV. F'b0-B203 film 15 - heated 1 hour 

Par t i c le  s i ze  ana lys is  

slope: -0.00185 124 
D: 15 Angstroms 

at 510 C 

T value 0.31 SCM3 file 2 
10 value 323.12 SCM3 M # 72 
L 200 RCND N # 46 

M 
mm 

I 
cps 

1 OOP 
•/. 

Kb/Kx 

1 0. 3 0. 0*T-« 292. 3 0. 765 
0. 4 jL • 86 13. d) 0. 779 

3 0-5 3. 7. 1 0. 775 
4 0. 6 3. 52 4. 8 0. 777 
5 0. 7 3. 57 3. 9 0. 777 
6 0. 8 o 79 3. 3 0. 774 
7 0. 9 3. 75 2. 9 0. 775 
B 1 w> a SO 2. 7 0. 774 
9 1. 1 3 . 87 2 • 6 0. 776 
10 1. 2 3 - 92 2. 5 0. 776 
1 1 1. 3 3. 95 2. 4 0. 772 
12 1 - 5 4. 27 2. 1 0. 775 
13 1. 7 4. 10 2. 1 0. 775 
14 1. 9 4 „ 02 2. 1 0. 778 
15 2 p 1 4. 03 2. 1 0. 775 
16 2. o 4. 38 2. 0. 777 
1 7 2 5 4. 29 2'. 0 776 
18 2 7 4 . 05 2. 0 776 
19 2 • 9 4 . 13 2. 0. 775 
£0 3. 1 4 . 01 o. 775 
21 3. 3 3. 96 2. 1 0. 774 

In tens i ty  t ransmiss ion  con Kt ' ;« i  lec tor  
Correc t  J O I ' I :  I  • :  ~  I / 'C  e*  I F * 1 r . 1  :  Tej  3 

09 0 324 241 -0.4891 
16 2 897913 0.4621 
25 3 !*!7^811. -.5149 
3 b 3 566660 . 55L'3 
4 9 
t 

61732; 
£4 

•••. 5'/.fr-3 



SAXS OF Pb0-B203 POWDER 
HEATED 1 HOUK AT 510' 
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SAXS Da ta  Ana lys is  

Sample # 321 

Sample Description: 
43 wt% Pb0-B203 film 15 

Par t i c le  s i ze  ana lys is  

slope: -0.00106 
D: 11 Angstroms 

26 

126 

heated 4 hours at 510 C 

T value 0.236 SCM3 file 
10 value 70? 1 o SCM3 M # 74 
L 208 RCND N # 48 

i M I 100P Kb/Kx 
mm cps •/. 

1 0.3 -0.98 -93. 1 0.733 
2 0.4 2.86 12. 9 0.746 
3 0. 5 3.78 6.0 0.748 
4 0. 6 3.89 4.3 0.746 
5 0. 7 4.06 3.4 0.745 
6 0.8 3.85 3. 2 0.743 
7 0. '3 4.00 2. 7 0.745 
e 1 4.05 2.5 0. 744 
9 1. 1 4. 08 2.4 0.747 
10 1.2 4. 20 2. 3 0. 747 
11 1. 3 4.20 2. 2 0.746 
12 1.5 4.20 2. 1 0.745 
13 1.7 4. 18 2. 1 0.744 
14 1.9 4. 16 2. 1 0.741 
15 2. 1 4.03 2. 1 0.748 
16 2. 3 4. 18 2. 0 0.744 
17 2.5 4. 11 2.0 0. 746 
18 2. 7 4. 23 2. 0 0.748 
19 2. 9 4. 15 2. 0 0. 744 
20 3. 1 4.02 2.0 0.743 
21 3 3 4. 17 2. 0 0.746 

Intensi ty transmissi on c or r ec t i on f ac t or 

Correct i on : Ic = I/Ce*Te*ln<l/Te:i3 

i ftr "2 Ic loglOCIc) 

1 ( I. 09 -1 .05797 ERR 
2 i. 16 3. 087559 0.4896 
o > • 25 4. 080760 0.6107 
4 i. 36 4. 199513 0.6232 
5 >. 49 4. 383039 0.6418 
(:• 64 4 . 156330 0. 61 S 7 



SAXS OF Pb0-B203 POWDER 
HEATED 4 HOUES AT 510°C 
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SAXS Da ta  Ana lys is  

Sample  #  322  

Sample Description: 
43 wt/C Pb0-B203 powder sample - no heat 

128 

tr eatment 

T value 0.461 SCM] file 2 
10 value 323.12 SCM3 M # 75 
L 208 RCN3 N # 50 

i M I 100P Kb/Kx 
mm cps '/. 

1 0. 3 605.58 0. 6 0.872 
2 0.4 210.41 0. 7 0.878 
3 0.5 98.84 0. 8 0.871 
4 0.6 55.43 0.9 0.870 
5 0. 7 35.45 0. 9 0.869 
6 0. 8 24. 98 0. 9 0.879 
7 0. 9 18. 83 1. 0 0. 883 
8 1 14.93 1 . 0 0. 883 
9 1. 1 12. 02 1. 1 0.891 
10 1.2 10.48 1.2 0. 8B9 
11 1.3 9.43 1. 2 0.891 
12 1.5 7.50 1 . 4 0. 888 
13 1. 7 6.89 1 . 5 0. 893 
14 1.9 6.25 1.6 0.888 
15 2. 1 6.01 1. 6 0. 895 
16 JL •  W» 5. 57 1. 6 0. 900 
17 2.5 5. 44 1 . £ 0. 899 
18 2.7 5.31 1. 7 0. 897 
19 2. 9 5.26 1 . 7 0.897 
20 3. 1 5. 12 1 . 7 0. 90 J 
21 3.3 4. 90 1 . 8 0. 901 

Intensity transmission correction factor 

Correction: Ic = I/Ce*Te+lni1/Te)3 

i m"'2 Ic 1 og 10«' 1 c > 

1 0. OS 624.0720 2.7952 
2 0. 1G 216-8351 2.3361 
3 0. 25 101.6520 2.0071 
4 0. 36 57.12261 1.7568 

0. 49 36. 5325«"> :. r-(>27 
r. o. f,4 25. 74 27'*" • . - i • " 

11'. 4 «*'4 
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SAXS OF PbO—B20a POWDER 
NO HEAT TREATMENT 
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SAXS Da ta  Ana lys is  

Sample  #  328  

Sample Description: 
43 wt7. Pb0-B203 powder sample - heated 

130 

4 hours at 520 C 

T value 0.464 SCM3 file 2 
10 value 323.12 SCMJ M # 81 
L 208 RCN3 N # 52 

M 
mm 

I 
cps 

1 OOP 
7. 

Kb/Kx 

1 0.3 738.92 O. 5 0.890 
2 0.4 246.98 0.6 0.893 
3 0.5 117.82 0.7 0.899 
4 0.6 66.06 0.8 0. 913 
5 0.7 42. 10 0. 8 0. 909 
6 0. B 29. 20 0. 9 0.883 
7 0. 9 £ 1 • .21 0.9 0. 908 
8 1 16. 50 1.0 0. 907 
9 1. 1 13. 58 1.0 0.900 
10 1.2 11.55 1. 1 0.907 
11 1.3 10. 06 1.2 0. 907 
12 1.5 7.92 1.4 0.899 
13 1.7 6. 76 1.5 0.913 
14 1.9 6.74 1.5 0.907 
15 2. 1 5.73 1.6 0.910 
16 2.3 5. 60 1.6 0. 906 
17 2.5 5.47 1.6 0. 913 
18 2.7 5. 02 1.7 0. 908 
19 2.9 5. 12 1.7 0. 913 
20 3. 1 4. 67 1.8 0. 914 
21 3.3 4.79 1.8 0. 914 

In tens i ty  transmission correction factor 

Correction: 1c = I/[e*Te*lni1/Te)] 

l m* 2 Ic lciglO(Ic) 

0.09 762.95)3 2.8825 
0.16 255.0123 2.4 066 
0.25 121.6517 2.0851 
0.36 68.20842 1.8338 
0.4  9 43. 4691 8 J . 6,382 
>"'.64 30.1 J 965 5.J793 
• . H! ;•! . " • ' . : -a. 
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