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ABSTRACT

. Quasi-binary B2O3-rbO-(A£2CL) glasses of two different com

positions and at several temperatures inside the miscibility

gap were investigated using smn7l angle x-ray scattering. Mea-

surements were carried out using an x-ray beam from a synchro

tron source in pin-hole collimation and the samples were iso-

thermally annealed Jin iitit. The experimentally determined struc

ture function was found to be in general agreement vith recently

proposed scaling laws. The exponent for the time dependence of

the characteristic scaling length was found to change from a

minimum value of 0.24 to a maximum of 0.35 for, respectively,

samples near the center and near the boundary of the miscibili^

ty gap. The time exponent for the maximum of the structure fun£

tion was found to be nearly equal to three times the exponent of

the characteristic length, as expected from the scaling laws.

The scaling structure function changes appreciably with com-

position, becoming considerably sharper near the boundary of

the miscibility gap.

Key-words: Dynamical scaling; Glasses; Phase separation.
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I INTRODUCTION

The existence of dynamical scaling during the l^st st:>gc\s

of phase separation in binary mixtures has recently been pro

posed by several investigators on the basis of phonoMeno'ogJ.

cal ami statistical models [[1-33 a s w c l i a s detailed computer

simulations Q^j. The underlying implication of . dynmricai

scaling is that the process of phase separation is entirely

controlled by a unique characteristic length U(t). The scal-

ing hypothesis was, therefore, .implicitly included in the

classical coarsening theory of Lifshitz ans Slyozov CO» a\

though, in its present form, scaling is considerably more

genera*. For example, analysis of data generated by diffciCiit

experiments and by computer simulations has led Pratzi cl al.

[[63 to interpret the structure function as given by i!ic pro

duct of two universal functions.

A direct consequence of dynamical scaling is that the .struc-

ture function S(ij,t), i.e. the Fourier transfora. of the com-

position correlation function at time t, follows a simple

asymptotic behavior for large values of t. Since the time

evolution of the structure function can be directly .measured

by small angle diffraction techniques, the theoretical evi-

dence for dynar.1ic.1l scaling has also generated renewed in-

terest in the experimental study of phase separation in bi-

nary mixtures. In particular, dynamical scaling has recently

been established, at least as n very good approximation, in

liquid mixtures £7**0 » quasi-binary glosses C*°3 . and bi-

nary alloys
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In order to ascertain experimentally the validity of sca.1

ing» one must determine the existence of a unique real space

characteristic length R(t) and, in principle, its time depen-

dence. Most commonly, the inverse of the characteristic length

i$ taken to be first moment q,(t) of the structure function or,

alternatively, the magnitude of the reciprocal space vector q

corresponding to the maximum S of the structure function. Al-

though both quantities provide an equally acceptable measure

of the characteristic length, there are intrinsic experimental

difficulties in the calculation of the moments as well a"' in

the precise location of q . For example, the calculation of the

first few non-divergent moments requires precise intensity mea-

surements at large angles where the structure function is very

snail and thus difficult to determine accurately. On the other

hand, the location of the maximum of the structure function is

particularly difficult to pinpoint since q is sensitive to

the type of collimation used for the incident beam.

In this investigation we perform a quantitativo test of

the scaling hyphotesis using small angle x-ray scattering

(SAXS) experiments in quasi-binary boratc glasses for two dif-

ferent compositions and several temperatures. Our investigation

Of two different compositions is aimed at a quantitative study

of the universality of the structure function recently pro-

posed by Fratzl et al. £ 0 •

Among the several items that may tend to mask the scaling

(or departure from scaling) of the experimentally determined

structure function is the intrinsic anisotropy of crystalli-

ne alloys. This anisotropy has been documented by llcnnion ct
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al. |~ll3 in Al-Zn and wrts presumably also present in the

other studies of crystalline systems |*12,133« Thus, we have

chosen to study boratc glasses since they are ucurly ideally

isotropic systems for which the time and length scales arc

easily accessible by means of SAXS experiments. Our experi-

ments were carried out \ising high intensity x-ray radiation

from a synchrotron source in pin-hole colliuiation, thus avoid

ing corrections of the measured intensity and allowing ac-

curate intensity measurements at relatively hith angles. Iso-

thermal annealing of the glass samples was performed -in &ii.u.

Throughout this work we use the first moment of the stru£

ture function, q..(.t), as a measure of the inverse of the real

space characteristic length R(t)• However, scaling was also

tested by means of the procedure recently outlined by Fratzl

et al. |~63 . This procedure is based on a global fitting of

the structure function and it does not require the calcula-

tion of the first moment q. or the determination of q . We

also investigated the validity of several relations implied

by the scaling laws between the moments of S(q,t), and be-

tween the maximum of the structure function Sm and its loca-

tion q in reciprocal space.

The remaining sections of the paper arc organized as fo.1

lows. In Section II we summarize the procedures u.scd in the

preparation of the samples together with a description of

the SAXS experimental setup. A brief account of the scaling

laws is given in Section III, and the experimental results

arc presented in Section IV, A discussion of our results to

gcthcr with some concluding remarks arc given in Section V.
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II EXPERIMENTAL PROCEDURES

The glass samples were prepared from reagent grade !IBO_,

PbO and A12O3. The batches were melted in a platinum crucible

and homogenized by stirring at 1200 C for several hours.

Plate-like samples with essentially homogeneous composition

were obtained directly from the melt using the splat-cooling

technique. The resulting lamellae were approximately 100 y

thick, which is close to the optimum thickness for SAXS expe-

riments .

A specially designed high temperature cell, stable within

i X CTl43. was used for in òitu isothermal treatment of the

glass samples during SAXS mcasurcnientŝ The kinetics of phase separa-

tion was investigated at several temperatures for two different

compositions: Composition S(B2O3: 80-PbO: 15-A12O3:5, weight

I) and composition NCB2O3:64-PbC:27-Al2O3:9) which correspond,

respectively, to the classical "spinodal" and "nucleation and

growth" regions as indicated in the phase diagram of Pig. 1.

The SAXS experiments were carried out using synchrc'ovn

radiation from the DC1 positron storage ring at LURE (Orsay).

SAXS profiles were recorded starting few seconds after the

samples have been placed in the high temperature cell, during

time intervales (of about 100 s) kept shorter than the times

between measurements.

The station for small angle experiment» at MJRE pro-

vides an incoming white beam which is horizontally focusscd

and monochromatized by a bent, assymctrically cut germanium (111)

crystal. A wavelength of 1.33 À has been used Tor this investiga
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t ion. An ionization chamber placed before the sample monitors

the intensity decay of the incoming beam. The scat ter ing pro-

f i les arc recorded by using a onc-diiuens tonal position sensitive pro

portional counter of resistive cathode typo. I t s energy rcsolu

tion of 20*i is enough to remove the harmonics from the beam.

Two sets of s l i t s are used to define a pin-hole collimatcd

beam. All the experimental data have been corrected for in-

cident bean intensity decay, detector inhoiaogcneity and para-

s i t i c scattering by the standard methods. The SAXS intensities

have been represented as functions of the modulus of the scattering

vector q, which is equivalent to the modulus of the coordi-

nate in reciprocal space, and i t is given q=4TisenO/X, where

0 is half the scattering angle and X the x-ray wave length.

The geometry of the incident beam cross-section (pin hole

collimation) used in this work, corresponds to a resolution

in reciprocal space of Aq % 10"3A~1. .This geometry allowed us

to avoid mathematical desmcaring, which is necessary when linear

colliraation is used. This tends to improve tho accurracy of the

experimental., results»

III SCALING OF THE STRUCTURE FUNCTION

An direct experimental check on theoretical models for

the kinetics of phase separation may be obtained from the com

pnrison of the predicted isotropic structure function, S(q,t) ,

with the experimentally determined SAXS intensity I ( q , t ) , where
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q is the modulus of the scattering .vector ;md t represents the to.tal

decomposition time after a rapid quench of the sample into a

aetastablc or unstable region inside the misbicibility gap.

As mentioned in the Introduction, phcnoincnological models

and computer simulation results £l-4 3 suggest that, for the

advanced stages of phase separation, the structure function

obeys a scaling law of the form:

S(q,t) - JCt)Fnq.RCt)] (1)

with R(t) the real space characteristic length, F(x) the

scaling structure function and where the scaling factor J(t)

can be shown to be proportional to O*(t)3 » with d_ the di-

mensionality of the system. The relationship between the

scaling factor J(t) and the characteristic length R(t) follows from

the fact that the integral of the structure function S(q,t)

over the entire volume in reciprocal space is time independent

due to the conservation of atomic species. In general, since

SAXS experiments sample only a small region in reciprocal

space, a time dependence of the integrated intensity is usual̂

ly observed during the early stages of a decomposition. How-

ever, the integrated SAXS intensity is expected to be time

independent during the late stages of phase separation for

which the final equilibrium transformed volume fraction has

essentially been reached.

It is convenient to introduce tho moments Qn and the nor

nalizcd moments qn of the structure function defined by:
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Qn(t) «= | S(q,t)qndq (2)

end

qn(t) -QB(t)/Q0Ct) (3)

With J(t) « i~RCt)3 • as required by the conservation

integrated intensity, the scaling relation (1) implies:

n

Qn(t) - CR(t)]
Cd"n-1}Fn (4)

qnct) -
n

where the time independent constants P and f aro, respec-

tively, unnormalized and normalized moments of the scaling

function F(x) and arc i!cfined by equations similar to (2) and

(3).

The asymptotic behavior of the characteristic length may

be described by:

R(t)«t a (0)

with the exponent a being dependent upon the microscopic me-

chanism of particle growth Ql-43- For example, Stauffer and

Binder £l] have shown that the exponent a varies from

l/(d+3) when the controlling growth process is that of cluster

coagulation to 1/d for the classical diffusion growth media

nism of Lifshitz and Slyozov QüJ . Computer simulations us
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well as recent experimental results in alloy systems |~4,11-LÍ{.

appear to confirm the predictions of Stauffcr and Binder.

Equations (1) and (G) imply that the maximum

of the structure function S »S(ci ,t), evolves with time
HI Ml

as:

(7)

with a' B 3 a . This particular relation between a and a', to

gcthcr with the time independence of the second moment Q 2 of

the structure function, arc sensitive tests on whether or

not the asymptotic scaling behavior of S(q,t) has indeed been

reached. Some of the reported experimental data aimed at con-

firming the validity of scaling, however do not reproduce the

expected relation a' » 3 a Qll,13j.

Besides precise measurements of the SAXS intensity itself,

we nay also determine accurately the first ans second moments

Qj[(t) and Q2(t) of I(q,t). Since SAXS intensity measurements

are carried out in arbitrary units, theso moments differ from

those of the structure function S(q,t) by a time independent

factor. On the other hand, the normalized moments qt(t) and

q2(t) may be obtained directly using I(q,t) in Eqs. (2) and

(3). With this in mind, we have chosen the following rela-

tions, derived from Eqs. (l)-(7), in order to test the val-

idity of the scaling hypothesis:

«4 CO « t"a (8)
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O)

Qo(t) - Cq.(t)]""
2 (U)

Q{(t) - C^xCt)]"1 (12)

QI « constant (13)

where I denote the maximum of the SAXS intensity I(q ,t)

IV EXPERIMENTAL RESULTS

The time evolution of the SAXS intensity was determined

for samples of composition S during in iitu isothermal heat

treatment at 460 C, 470 C aud 480 C. Figures 2(aj and 2(b)

show the measured intensity in arbitrary units for 460 C and

480 C, respectively, and several times. For this composition

and temperatures, the system lies deep inside the classical

spinodal region of the miscibility gap (Fig. 1). SAXS curves

were also obtained from samples having the composition N and

treated isotlicx-jnally at 480 C, 490 C and 500C for different lengths

of time. In this case, the system is located close to the boundary

of the miscibility gap (Fig. 1) where, according to the clas-

sical theory, docomposition proceeds by a "nuclc.ition and

growth" mechanism. The evolution of the SAXS curves for com
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position N at 430 C and 500 C are shown, respectively, in

Fig. 3(a) and 3(b) .

Plots of the normalized first moment q,(t) versus £ arc

shown in Fig. 4(a) for samples of composition S and three dif

fercnt temperatures(460 C, 470 C and 480 C). Figure 4(b)

shows the same plots for samples of. composition N at 480 C,

490 C and 500 C. As seer in the figures, the behavior predi£

ted by Eq. (3) is closely obeyed. For the relatively narrow

temperature range investigated, the exponents do not change

appreciably with temperature, although they show a definite

tendency to increase as we move from composition S at the

center to composition N near the boundary of the miscibility

gap.

The time evolution of the maximum of the SAXS intensity

is shown in Figures 5(a) and 5(b) for, respectively, compos i.

tions S ans N. In all cases it is seen that the exponents a'

are very closely, equal to three times the corresponding ex-

ponents a shown in Table I . As mentioned in the last section,

this behavior is expected from the'conservation of integrated

intensity during the last stages of decomposition.

The general validity of Eqs. (10) to (13) is dcmonstratal

in Fig. 6(a) for composition S and in Fig. 6(b) for composi-

tion N. In these figures, we have plotted the moment:;

Q0(t)/Q0(tf).Ql(t)/Ql(tf)iQ2(t)/Q2(t£) and q2(t)/q2(t£) .versus

4t(t)/q1(t.) , where t. stands.for the'longest time investigated

at each têmporaturc and composition. The behavior predicted

by Eqs. (10)-(13), indicated by the solid lines in Fig. 6,

if closely followed by all the studied glass samples. In

particular tho second moment Q2(t) is essentially time in-
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ücpcnUcnt. Fittings which arc similar to those shown in Fig.

6 wore observed for the other temperatures.

Figures 7(a) and 7(b) show plots of the ratio q2/q? as a

function of time for compositions S and N, respectively, and

for all temperatures investigated. .In the scaling regime,this

parameter is characteristic of the scaling function itself

and it equals i2^\ ^
see E<i> 5^*

Finally, the scaling behavior of the experimental struc-

ture function can be seen in Fig. 8 for composition S at 460

and 430- C in Fig. 9 for composition N at 480 and 500 C. In these figures

we plot |~ql(t)3
 3I(qtt)/Q2 versus q/q,(t). The approximately

constant normalization factor Q2 is introduced since all in-

tensity measurements wore carried out in arbitrary units. It

should be noted that with this normalization factor, the

scaling function F(x) is such that its second moment F2 is

equal to 1. As expected, the scattering curves corresponding

to the very early stages do not follow the asymptotic scaling

behavior. This deviation from the scaling law for small val-

ues of the can also be inferred, particularly for composition N,

from the lack of constancy of q^/^i seen in Fig. 7.

No significant differences between the scaling function

F(x) was detected for different temperatures at the same composi-

tion. However, appreciable changes arc seen from one composjL

tion to tho other. In Table I three parameters that charac-

terize scmiquantitatively the scaling function are given.

These arc the maximum F , the width at half maximum A and the
ra

position of the maximum x^. We see from Table I that F(x)

becomes considerably sharper noar tho boundary of the misci-
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bility gap, although the ratio of normalized moments t /£*

shown in the sixth column of the table, remain essentially

constant with temperature and composition.

V DISCUSSION AND CONCLUSIONS

We have found general agreement between the SAXS cxperi

Mental results.land the predictions of the statistical theories

on the dynamics of phase separation for all glasses investi-.

gated. The scaling laws, and in particular Eqs. (10)-(13) are

closely obeyed during the late stages of decomposition. An

important experimental criterion for establishing Mlate

stages" is the time independence of q2/q*. As seen in Fig. 7,

scaling is reached relatively early in the decomposition pro

cess for samples of composition S, whereas for samples of

composition N the scaling regime has apparently been reached

only for the longest times measured. The plots of Tig. 7 are

only meaningful to the extent that the first few moments of

the SAXS intensity may be calculated accurately. In this re-

gard, the experimental verification of the conserva-

tion of the integrated intensity, i»c. constancy

of Q,, plays a key role (sec Fig. 6). Although the integrated

intensity should be strictly conserved at all times, SAXS moas_

urements can only bo performed within a "window" in recipro-

cal space. Thus, for very early stages, the important contribu-

tion of short-range correlations (largo values of q) to the

experimental structure function arc not included, which re-
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sults in the time dependence of Q2. However, once Q reaches

a constant value with time, one is confident that all the re-

levant information in the strtk-ttirc function is ccntaiitcd in I(q,t).

Clearly, in those cases for which the integrated intensity is

seen to change with time, a more appropriate test of scaling

would be the procedure proposed by Fratzl ct al. £&3 • I ;° r

our data, however, the determination-of the characteristic

length by calculation of qx or by the graphical procedure of

Fratzl ct al. produce the same results.

An additional consistency check on the analysis oC . the

experimental data is the expected relation a1 * 3 a, where â

and a' are, respectively, the time exponents defined by Eq:;.

(8) and (9). As seen in Table I this relation is obeyed by

the boratc glasses for all temperatures and compositions. The

relation a1 * 3a has not been observed in some of the metal-

lic systems studied in the past £ll,133 , although the ;c«ison

is most likely due to data analysis (including perhaps

crystal nnisotropy) than to a violation of the scaling laws.

Concerning the time exponent of the characteristic length,

we obtain average values of a "0.25 for composition S and a =

0.31 for composition N. Thus, at least qualitatively, our re-

sults appear to confirm the predictions of Stauffer and

Binder £l] of a cross-over between a low temperature cluster

coagulation mechanism near the center of the miscibility gap,

with exponent a*l/(d+3), and the classical particle coars-

ening process of Lifshitz and Slyozov with exponent a*]/d

near the boundary of the gap. The experimental exponents ore also in

good quantitative agreement with the computer simulations of
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Marro et ai. [[4] who reported values of a ranging from 0/2

acar the center to approximately 0.3 near the boundary of the

«iscibility gap.

The experimental scaling function F(x) shows a dependence

with composition: as we move from the center to the boundary of the

«iscibility gap, the maximum F^ increases, it shifts to sligh-

tly larger values of x, and the width at ha If-maximum A de-

creases significantly (sec Table I). This particular behavior

of F(x) is opposite to that predicted bo the model of Rikvold

and Cunton [[163 » Furukawa [[23 and the computer simulations.

£43. Although different normalization schemes are used by

different authors (in our case we use the second moment F2

equal to 1) , the theoretical models and simulations predict,

nevertheless, a sharper scaling function near the center of

the gap.

Significantly, recent work on Fe-Cr by Katano and Iizumi

£133 has shown that, for the same system with composition

near the center of the iniscibility gap, the characteristic

length exponent changes with time from a value of 0.2 charac

terlstic of a coagulation mechanism, to 0.33 as expected from

a diffusion controlled process. This cross-over in the exponent

a hat also been documented by Forouhi £123 in Al-Mg-Zn al-

loys» Concurrent with this apparent change in particle growth

mechanism, Katano and lizumi report a pronounced change in

the shape of the scaling functions; F(x) becomes sharper (more peaked)

during the. very late stages for which the characteristic length

exponent is close to 0.33. Thus, the experiments in Fe-Cr to

gather with our results in glasses seem to indicate that the
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shapc of the scaling function is intimately related to t're

underlying growth mechanism.

In conclusion, our SAXS investigation of phase separation

in glasses, performed under particularly favorable condition?

(pin-hole collimation and In òitu heat treatment), is in quan

titativc agreement with statistical theories and the scaling

hypothesis. The results concerning the evolution of the stru£

ture function for different compositions and temperature aj>:cc

well with the computer simulations of Lcbowitz and co-workers.

Changes in shape of the experimental scaling function with

composition do not conform to the predictions of the variou» thcorcti,

cal models available. The evidence points towards a correla-

tion between the shape of F(.x) and the mechanism of particle

growth, at least to the extent that the latter is accurately

reflected in the value of the characteristic length exponent

£. Further experimental and theoretic aJ work is clearly needed

in order to elucidate this point.
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F1GURE CAPTIONS

Figure 1; Misc ib i l i t y gap for the quasi-binary B2O3-PbO-A*2C>3

glass system, from Ref. 15. The continuous l i n e i s

the binodal and the dashed l i n e i s the c l a s s i c a l

spinodal*. The bars S and N indicate the composi t ions

and temperature domains corresponding to the samples

studied in th i s work.

Figure 2: Time evolution of SAXS i n t e n s i t y ( in arbitrary vnits)

for samples of composition S at 460 C (n) heat treated

for increasing times (join} : A) 1 5 0 « B) 6 .55 , C) 11.33,

D) 18.08, E) 21 .00 , F) 25 .63 , G) 37 .33 , II) 46.87,

I) 67.08, J) 78.00 and at 480 C (b) heat - treated for

times D » i n ] : A) 4 . 4 3 , B) 7 .20 , C) 10.67, D) 15 .00 ,

E) 22.00.

Figure 3: Time evolution of SAXS intensity (in arbitrar)' units) for

samples of compositions N at 480 C (a) heat treated

for the following times [jnin} A) 10.83, B) 12 .22 ,

C) 17.00, D) 23.0D, E) 29 .67 , F) 35 .83 , G) 4 3 . 8 3 ,

JI) 54 .00 , I) 62.67 and at 500 C (b) heat treated

for the fol lowing times C m i n 3 : A) 1*67, B)3 .05 ,

C) 4 .50 , D) 6 .33 , E) 7 .50, F) 9 . 33 , G) 11.00,11)13.50,

I) 16 .00 , J) 19 .50 , K) 24 .00 , L) 30.00. *

Figure 4; Time dependence of the inverse characteristic length

ql corresponding to composition S (a) and N (b) at

the various indicated temperatures.
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Ftfiurc 5: Time dependence of the maximum •>£ the SAXS intensity

corresponding to compositions S (a) and N (b) at the

several indicated temperatures.

Figure 6: Dependence on the inverse characteristic length

q,(t) of the moments Q (t) (n =0»l,2) and the norma

lized second moment q2(t) of the structure function

for composition S at 460C. All moments arc normalized

to the corresponding value tf at the longest aging

time.

figure 7: Time dependence of the ratio «U^i *or compositions

S (a) and N (b) at several temperatures.

figure 8: Scaling of the structure function for composition S

at 460 C (a) and 480 C (b).

Figure 9: Scaling of the structure function for composition N

at 480 C (a) and 500 C (b).
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FIG. 2a
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TABLE I

Scaling parameters for samples with weight \ compositions

B2°3 :80 " Pb0:15 ' : 5 anU B2°3: M " Pb0:27 ~
Fm* xm o n J A indicate the maximum, the position of the max

iraura and the half- maximum width, respectively, of the ex-

perimental scaling function.

Sairtplc

S

S

S

N

N

N

T[c]

460

470

480

480

490

500

1.39

1.40

1.42

1.41

1.45

1.38

a

0.26

0.26

0.24

0.35

0.32

0.27

a*

0.83

0.S1

0.77

1.10

0.90

0.84

3a

0.78

0.78

0.72

1.05

0.96

0.81

m

0.77

0.79

0.78

0.92

0.92

0.92

X
m

0.90

0.90

0.90

0.94

0.94

0.94

A

0.80

0.80

0.80

0.68

0.68

0.68
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