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ABSTRACT 

Semi-infinite diffusion couple arrangements between two condensed phases 

can be readily analyzed with the use of the electron beam microprobe analyzer 

to determine the composition profiles in the two end phases of the couple 

arrangement and in any intermediate phases that mey grow between the end 

phases. When the reactions at the interfaces are diffusion controlled, 

chemical equilibrium exists at each interface and each interfacial compo

sition then corresponds to either a liquidus or a solidus composition, and 

these interfacial compositions, with the aid of microstructural observations, 

can be used in the construction of the stable and/or metastable equilibrium 

phase diagrams involving the end phases of the diffusion couple. This tech

nique is applied to the study of phase equilibria in the Si0
2
-Al

2
o

3 
system. 
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1. INTRODUC'riON 

Techniques of phase equilibrium studies :rney be grouped into two general 

categories: (i) static techniques, and (ii) Qynamic techniques. In static 

techniques a specimen is held at a fixed point in pressure-temperature-campo-

sition space until equilibrium is achieved and subsequently analyzed to deter-

mine its equilibrium phase assemblage. The most commonly used analysis tech-

nique is based on microstructural observations of a representative cross-

section after such a sample is quenched to room temp~rature. Dynamic tech-

niques, on the other hand, are based on the measurement of anomalies in a 

physico-chemical property during phase transformations as one of the variables 

in the P-T-x space is continuously changed. Various techniques of both cate

gories have been reviewed extensively. ( 1 ' 2 ) In systems where stable equilib-

rium conditions are not easily attained, as in silicates, obtaining accurate 

phase equilibrium data by only one single technique is quite different. It is 

generally agreed that combination of several techniques may be utilized to 

decipher the stable phase equilibrium of a system which is complicated by the 

existence of metastable condi·tions. 

The diffusion couple technique, although not widely utilized, is unique 

since it combines certain features of the static and Qynamic techniques into 

a single experiment. The purpose of this paper is to discuss the principles· 

of this technique and illustrate its utility in the study of phase equilibrium 

in .the Si02-Al2o
3 

system. 

2 • DIFFUSION COUPLE TECHNIQUE 

When two phases of a binary system that are not at thermoQynamic equilib-

rium with each other are brought into contact and annealed at a sufficiently 

high temperature, atom mobility is enhanced, and the components of these end 

phases interdiffuse to achieve a state of chemical equilibrium. The diffusion 
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of the components is in such a direction as to eliminate any chemical potential 

_gradient. ·At constant T and P, under equi]ibrium conditions, all the phase 

fields intersected by the corresponding isotherm and the isobar between the 

end phases will form as layers in the diffusion zone. The thickness of each 

. ( 3-6) 
l~er is dependent upon the growth rate of the corresponding phase. 

Regardless of its thickness, however, each phase must exist in the diffusion 

zone in order to provide a continuous and monotonic chemical potential gradient 

throughout the zone. If diffusion transport is the rate controlling mechanism~ 

a local chemical equilibrium will exist at each interface, .and the motion of 

each interface will be proportional to the square root of annealing time. ( 3 ) 

These interfacial compositions, then, correspond to either a liquidus or a 

solidus composition ( 7) and can be used to construct the equilibrium phase dia-

gram involving the end phases of the diffusion couple. 

In a binary system, when a diffusion couple is annealed until the entire 

system attains equilibrium, a maximum of only two phases and one interface 

will remain if the overall composition of the couple corresponds to a two-

phase region or only one phase if the overall composition cqrresponds to a 

solution field. At this stage, the couple loses its significance since it 

then provides only the information that one would obtain from a single specimen 

treated by the static method of quenching. At intermediate stages (Figs. 1 

and 2), when the couple still retains its semi-infinite features, the phase 

rule is satisfied only locally at each point. The couple then resembles an 

ensemble of specimens subjected to the static method of quenching along the 

entire system. The examination of a single diffusion profile, at a tempera-

ture, provides all the information needed for the system at that isotherm. 

In a ternary system, the appearance of a continuous interface in a diffu-

sian couple represents an invariant region as represented by the three-phase 
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(a + 13 + Liquid). region of' the system shown in Fig. 3/8) Two-phase regions 

appear as a band with the compositions of the corresponding phases varying 

al.ong the band as dictated by the tie-lines. A couple between the end coln:po-

sitions of X and B (Fig. 3) will contain two such bands corresponding to the 

CL +Land CL + s·regions. The compositions of the a and L phases in the first 

band will vary from a.f' and Lf' to a.c and Lc towards the L + a + S interface. 

Similarly, the · com:posi tions of the a and S phases in the second band will vary 

'from a and S to a and S towards the L + a + S interface. In the single-. a a c c 

phase layers of a and S, the composition profiles will vary 'from X to a.f' and 

B to S , assuming that composition path coincides with the line XB. a . 

Although the advantages of' the diffusion couple technique were discussed 

in the 50's, (8-lO) without the availability of' the electron beam microprobe 

analysis, its application was limited. During the last decade, however, with 

the aid of the electron beam microprobe techniques, this method has been 

applied to the study of' phas~ equilibrium in various metallic ( ll) and 

ceramic(l2 ) systems. A most recent application(l3,l4 ) of this technique to a 

basic ceramic system is summarized in the next section. 

3. THE Si0
2

-Al
2
o

3 
SYSTEM 

Since the classic work of' Bowen and Greig,(l5 ) in 1924, phase equilibrium 

in the Si0
2

-Al
2
o

3 
system has been studied extensively.(l6) The results of 

these numerous studies have conflicted mainly on two issues: (i) the melting 

behavior, and (ii) the extent of' the solid solution range of' the intermediate 

compound of' the system, mullite (3A120
3

•2Si02 ). These conflic~ing results 

have been the result of incomplete information obtained from the static method 

of' quenching or dif'f'erential thermal analysis techniques used in most of these 

studies. Among these, the studies by Tremel et al. (l7) and Aramaki and Roy(l8) 

were the most extensive and representative. The findings of' Tremel et al.., in 
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genera.l., are in agreement with those of Bowen and Greig which indicate an: in-

congruent melting behavior of mullite. On the other hand, Aramaki and Roy 

indicate a congruent melting point for mullite. 

Similarly, the stable solid solution range of mullite has been reported 

to extend from 7i.8 wt% to ~74.3 wt% Al
2
o

3
• (l8 ) This range, however, was only 

realized when mullite was prepared by solid state reactions in the presence of 

alumina. When solidified from a melt, the composition of mullite may extend 

up to 82.6 wt% Al
2
o

3
(l9) raising the question of metastability and the possible 

existence of a disordered form of mullite with a nominal conrposition of 

2Al 0 ·s·o (18) 
2 3 1 

2" 
Recently, the diffusion couple technique, combined with 

microstructura.l. observations, has been most useful in providing a unified 

explanation to these conflicting observations on the phase equilibrium in the 

S·o 1 o t (13,14) 1 
2

-A 
2 3 

sys em. 

The equilibrium Si02 -Al
2
o

3 
phase diagram based on the information obtained 

from electron beam microprobe analysis of semi-infinite diffusion couples of 

fused silica-sapphire is shown in Fig. 4. The data points which correspond 

to the interfacial compositions along the concentration profiles (Fig. 4) are 

the equilibrium compositions since they remained constant with annealing time 

and since the transport process was shown to be diffusion controlled.(l3 ,l4 ) 

These interfacial compositions, then, clearly outline the stable equilibrium 

diagram as shown with solid lines in Fig. 4. Here the possibility of the 

equilibrium of alumina or mullite with a metastable liquid is overruled since 

it is unlikely to have more than one free energy of mixing-camposi tion rela-

tionship for the liquid phase and thus there can be only one equilibrium state 
. I .· 

between alumina or mulli te and the liquid phase. The most important feature 

of this diagram is that it indicates an incongruent melting for mullite at 

l8Z8°C and outlines a maximum solid solution range of 70.5 to 74.0 wt% Al2o
3 

. ' 

. ! 
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under stable equilibrium conditions. 

This incongruent melting behavior of mullite and its solid solution range, 

however, are not easily verified when static method of quenching or dynamic 

phase equilibrium experiments are performed. (l4) Due to metastable existence 

of a silica-mullite equilibrium in the absence of alumina, as shown with 

broken lines in Fig. 4, mullite can be superheated above its stable incon-

gruent melting temperature and show a metastable congruent melting behavior 

at ==1890°C. This metastability also requires an over:all extension of the 

mullite solid solution field to compositions ( ==83.2 wt% Al
2
o

3
) higher than the 

stable limit of 74.0 wt% Al
2
o

3 
as determined in diffusion couple experi-

. (14) . 
ments. 'l'lus super-heating phenomenon, which does not in any wa:y affect 

the results of the diffusion couple experiments, has been one of two major 

problems encountered in previous investigations that relied only on static 

method of quenching or dynamic phase equilibrium experiments. (l6) 

A second major problem is the supercooling of aluminum silicate liquids, 

again, a phenomenon which does not affect the results of the diffusion couple 

experiments but drastically influences the interpretation of microstructures 

obtained by the static method of quenching. The direct evidences for the 

supercooling of the aluminum silicate liquids are clearly brought out in the 

diffusion zone microstructures of three diffusion couples, Fig. 5, each of 

which was annealed at 1903°C for 15 min but cooled at relatively different 

rates. These microstructures differ drastically although the average diffu-

sion profiles, and the liquidus compositions at the sapphire interface 

obtained by scanning the electron beam over an area affected by localized 

crystallization, are identical. The precipitated crystalline phase as deter-

mined by electron microprobe and X-ray diffusion is only ~ullite in the couple 

that was quenched (Fig. 5A), only alumina in the couple that was cooled 
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relatively slowly (Fig. 5C), and alumina and mullite in the couple that was 

cooled at a moderate rate (Fig. 5B). Since the liquidus composition at the 

"' peritectic temperature is 52.3 wt% Al2o
3

, "'350 ~ of the diffusion zone 

adjacent t0 the sapphire would experience some alumina precipitation during 

an equilibrium cooling (Fig. 4). The absence of alumina in this portion of 

the diffusion zone of a quenched couple (Fig. 5A) and presence of alumina in 

a slowly cooled couple (Fig. 5C) can only be explained on the basis of super-

cooling phenomena of the liquid. It is, thus, important to note that while 

the overall composition profiles obtained by averaging over an area are in-

dependent of the nature of the microstructure itself and will always provide 

information on the stable equilibrium conditions, experiments based only on 

microstructural observations could yield conflicting results dep~nding on the 

experimental conditions followed. 

The precipitation of mullite with high alumina contents only from a melt 

can now be explained when the stable equilibrium phase diagram of Fig. 4 is 

viewed with the aid of these two additional facts that ( i) in the absence of 

alumina, a metastable silica-mullite equilibrium exists with mullite display-

ing congruent melting behavior at a maximum of !::l890°C and !::83.2 wt% Al
2
o

3
, 

and (ii) aluminum-silicate liquids can be supercooled below the alumina and 

mullite liquidi with subsequent metastable solidification.of mullite.instead 

of the stable alumina phase. With rapid cooling rates, alumina solidification 

can be eliminated completely as in the microstructure of Fig. 5A. The com-

position of these mullite precipitates may extend beyond the stable solid 

solution field as indicated by broken lines in Fig. 4. At moderate cooling 

rates, precipitation of alumina and then mullite is realized. Microstructures 

displaying such precipitation as in Fig. 5B have often. been misinterpreted as 

eutectic microstructures and thus led to the erroneous conclusion that a 
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eutectic existed between inulHte and alumina. 

Finally, the diffusion zone microstructure of Fig. 5C provides a direct 

evidence for the existence of a metastable silica-alumina phase equilibrium, 

without any mulli te phase, formed by extensions of the silica and alumina 

liquidus curves. The total absence of mullite in Fig. 5C indicates a suffi-

ciently slow cooling rate to maintain local equilibrium between the liquid 

and the alumina precipitates and necessitates the metastable extension of the 

alumina liquidus below the peritectic t~perature. (l4) It should be noted, 

however, that although the cooling rate is slow enough to maintain local 

equilibrium, the overall diffUSion profile of this zone, obtained by the 

scanning beam technique, is identical to those of microstructures in Fig. 5A 

and 5B and corresponds to the profile at 1903°C since long range diffusion 

effects during cooling are negligible. 

4. SUMMARY AND CONCLUSIONS 

The diffusion couple technique when utilized in conjunction with micro-

structural studies is useful in determining not only the stable equilibrium 

but metastable equilibrium conditions as well. The utility of this technique 

is illustrated in the determination of the stable Si02-Al2o
3 

equilibrium phase 

diagram, in which mullite is shown to melt incongruently as originally deter

mined by Bowen and Greig. (l5 ) The examination of the diffusion zone micro-

structures supports the incongruency of mullite and also yields additional 

information on the metastable equilibria caused by the supercooling of the 

aluminum silicate melts. The conflict~ng nature of the previous phase equilib-

rium investigations on the Si02-Al2o
3 

system. has been associated with the 

supercooling phenomenon of aluminum silicate liquids and with the existence 

' 
of metastable silica-mullite equilibria in the absence of alumina. 
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FIGURE CAPl'IONS 

Fig. 1. Schematic representation of diffusion structures produced by iso-

thermal diffusion between silver and copper at two temperatures. 

Above the eutectic temperature (top couple at 900°C) a liquid solution 

leyer forms between the a and a phases. The two-phase region L + a 

and L + a appear as interfaces. Below the eutectic, at 700°C, a and 

a solid solution remain in direct contact. (After F. N. Rhines (B)). 

Fig. 2. The relationship between the one-phase layers formed in a Cu-Zn diffu-

sion · couple and the Cu-Zn phase diagram. The isotherm at 400°C 

represents the sequence of phases occurring in the diffusion couple. 

(Aiter F. N. Rhines(B)). 

Fig. 3. The relationship between the structure of a ternary diffusion couple 

and -the phase diagram. Layers are developed corresponding to both 

one and two-phase regions lying upon the composition path between the 

extremes of composition; three-phase regions correspond to layer 

interfaces in the diffusion couple. The composition path of the 

diffusion couple is not usually straight as it is shown to be in this 

ideal example. (After F. N. Rhines(B)). 

Fig. 4. The revised Si02-Al
2
o

3 
stable equilibrium phase diagram (top). The 

relationship between the stable phase diagram and the concentration 

profile of a semi-infinite Si02-Al2o
3 

diffusion couple is shown at 

temperature T below the melting point of mullite (bottom). - Meta-

stable extensions of the Si02-mullite system and the Al
2

o-3 liquidus 

are superimposed on the stable Si02-Al2o
3 

diagram; CA, 100% Al2o
3

; 

CML' concentration of Al2o3 in mullite at the mullite-liquid inter

face; CAM' concentration of Al2o3 in mullite at the Al2o
3 

mullite 

interface; c
1

, concentration of Al2o
3 

in liquid saturated with mullite. 
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Fig. 5. The microstructUres of the diffusion zone between a couple of 

sapphire (bottom) and fused silica (top), annealed at l903°C for 900 

sec. and (A) quenched, {B) cooled at a relatively moderate rate, and 

(G) cooled relatively slowly. The precipitates in the top portion of 

·the diffusion zane are (A) mullite (light grey), (B) alumina .(light 

gre:y needles) and mullite (fine precipitates between the alumina 

needles), and (C) alumina (light grey needles). The precipitates 

along the interface in (B) and (C) are also alumina. 
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PHASE DIAGHAMS IN Ml<~'l'.\LLUHGY 
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-- Stable Equilibrium Diagram 
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P-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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