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ABSTRACT
Semi-infinite diffusion couple arrangements between two céndcnsed phases
cen 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 may grow between the end
pﬁases. When the reactions at the interfaces are diffusion controlled,
chemical equilibrium exists at each interface and eachvinterfacial compo-
sition then cérresponds to either a liquidus or a solidus composition, and
these interfacial compositions, with the‘aid of microétructural observations,
can be used in the construction of thé stable and/or metastable equilibrium
phase diagrams invoiving the end phases of the diffusion couple. This tech-

nique is applied to the study of phase equilibria in the SiOé-AlZO3 system.



~ gories have been reviewed extensively.

1. INTRODUCTION

Techniqugs of phase equilibrium studies may be grouped into two gener#l
categories: - (i) static techniques, and (ii) dynemic techniques. In static
technigues a specimen is held at a fixed point in pressuré—temperatﬁ?e—compo-
sition space until equilibrium is achieved and subsequently analyzed to deter-
mine ifs 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 temperature. Dynamic teéh—

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

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

in thevP—f-x space is continuouSly changed. Various techniques of both cate-
(1,2) In systems where stable equilib-
rium conditions are not easily attained, as in silicates, obtaining aécurate
phase equilibrium data by only ohe single technique is quite different. It is
generally agreéd-that combination of several techniques may be uxilized‘to
decipher the staﬁle phase equilibrium of a system which is complicated by the
existence of metastable conditions. |

The diffusion couple technique, although not widely utilized, is qnique
since it combiﬁes certain features of the static and dynamic techniqués into
a singlevexperimeht. The purpose of this paper is to dispuss the principles’
of this technique and illustrate it; utility in the study of phase equilibrium
in the SiOz-Al203 system. |

' 2. DIFFUSION COUPLE TECHNIQUE

Whén two phases of & binary system that are-not_at thermodynamic equiiib-
riUﬁ‘with‘each,othér are brought into contact épd annealed at a sufficie#tly
high temperature, atom mobility is enhanced,_éﬁd the components of théée end

phases interdiffuse to achieve a state of chemical equilibrium. The diffusion



of the components is in such a direction as to elimipate any chemical potential
\gradieht. - At constant T and P, under eqﬁi;ibrium conditions, all the phase
fields ihtersected by the COrfesponding isother@ and the isobar bétwgen the
end phases will»form as layers in thé diffusion zone. The thickness of each
layér is dependent upon the growth rate éf the corresponding phase.(3-6)
Régardless of its thickness, however, each phése must'exist_in the diffusion
zf:ne in ordei‘ to provide a confj.nuous and monotonic chemical potential gradient
throughout fhe zoﬁe. If diffusion transport is thé rate controlling mechanism,
Aé local chemical equilibrium will exist at each interface, and the:ﬁotion of
each interface will bé_proportional to the square rqop-of annealing time.(3)
These interfaciai compositions, then, correspond to either a liquidus or a .
solidus composition(Y) and‘cén be.used to construct the equilibrium phase dia-
~ gram iqvolving the end phasés of the difoSion couplé.
| In a2 binary system, when a diffusion couple is annealed until the entire
system atfains equilibrium, a maximum of only two phases and one interface
will remain if ﬁhe overall composition of the couple‘cofresponds to a two-
phase rggion or only one phase if the overall compositioh'cqrreéponds to a
éolution field.. “At this stage, thé couple loses its Sighificance since it
then provides oﬁly the information that one would obtain from a single épeéimen
treated by the static method of quenching. At infermediate stages (Figs. 1
and 2), when ihe.coﬁple'still retains its semi;infinite.fEatureé, the phase
rule is satisfied only locally at each point. . The couplé then reseﬁbleé an
ensemble of specimens subjected to the static method ofIQuenching along the
entire system. The examination of a single diffusion_profile, at a tempera-
turé; provides all the information needed for the system at that isotherm.

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

sion couple repfesents an invariant region as represented by the three-phase
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(8)

(a +YB + Liquid)_region of the system shown in Fig. 3. Two-phase regibns
appear.asva.bénd’with the compositions of the corresponding phases varying |
along the band éé.dictated by the tie-lines. A couple between ﬁhe=end compd-
sitions of X and B (Fig. 3) will contain two such bands corresponding to the’
o 4 L and o + B regions. The'compositioﬁs of the o and L phases in the first
band_ﬁill vary from oy and Lf ;o a, and L, towards the L + a + B interface.
Similérly, the-éompositions of the o and B phases in the second band will vary

from 0y and Ba to o, and Bc towards the L + o + B interface. In the single-

phase layers of o and B, the composition profiles will vary from X to af and

- B to Ba’ assuming that composition path coincides with the line XB.

. ‘Although the advantages of the diffusion couple technique were discussed

in the 50'5,(8-10) 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 phasé_equilibrium in various metallic(ll) and

(12) (13,1L4)

ceramic systems. A most recent application of this technique to a-

basic ceramic sYstem is summarized in the next section.

3. THE SiO,-Al1,0. SYSTEM

. 2 273
-Since the classic work of Bowen and Greig,(lS) in 1924, phase equilibrium

(16)

in the S5i0,-A1,0, system has been studied extensively. The results of

2 7273 .
these numerous studies have conflicted mainly on two issues: (1) the melting
behavior, and (ii) the extent of the solid soiution range of the intermediate
compound of the system, mullite (3A1203°2Sioz), These cbnflic;ing results

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

Of‘queﬁching or differential thermal analysis techniques used in most of these

(17) (18)

studies. Among these, the studies by Trdmel et al. and Aramaki and Roy

were the most extensive and representative. The findings of Tromel et al., in
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" general, are in agreement with those of Bowen and Greig which indicate an in-
congfuent melting behavior of mullite. On the other hand, Arameki and Roy
indicate a congruent melting point for mullite.

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

(18)
3

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

to extend from T1.8 wt% to =Th.3 wth A1,0 This range, however, was only

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

up to 82.6 wt% Al1_0 (19) raising the question of metastability and the possible

273
existence of a.disordered form of mullite with a nominal'éompositiOn of
_ 2A1203°8102.(18) Recently, the diffusion couple technique, combined with

microstructural observations, has been most useful in providing a unified
explanation to these conflicting observations on the phase equilibrium in the
(13,14)

8102-A1203 system.

The equj.librium'Sioz-AlQO3 phase diagram based on the informétion obtained
from electron‘beam microprobe analysis of semi-infinite diffusion couples of
fused silica-sapphire is shown in Fig. 4. The data points whicﬁ cofreSpond

to the interfacial compositions along the'concentratiOn profiles (Fig. U4) are
the equilibrium gompositions since they remained constant with annealing time
and since the transport process was shown to be diffusion controlled.(lB’lh)

- These interfacial'compositions, thén, clearly oufline 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 frée'enefgy of mixing-camposition rela--
tionship for the liquid phase %nd thus there can be on;y one equilibrium state
between alumina or mullite and the liquid phase. The most important feafure

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

1828°C and outlines & maximum solid solution range of T0.5 to Th.0 wt% A1203



under stable equilibrium conditionms.
This incongruent melting behavior of mullite and its solid solution range,
however; are not easilyvverified when static method of quenching or dynémic

(1k)

phase equilibrium experiments are performéd. _ 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 sbove its stable incon-
gruent melting témperature and show a metastable congruent melting behavidr
at =21890°C. This metastability also requires an‘ove:all‘éXtension of the
'mullite,solid'solutioh field to compositions (=83.2 wt%'A1203)_higher than the
stable limit of Th.0 wt% A1203 as determined in diffusion couple expérif.

(14)

ments. This supeffheating phenomenon, which does not in any way‘affeét
the results of the diffusion couple experiments; has beénnone of two major
problems encountered in previous investigations that relied only on static
ﬁethod of quenching or dynamic phase equilibrium expefiments.(l6)

A second~major prbblem is the supercooling of alﬁminﬁm silicateiliQuids,
aéain, a phenomenon which does not affect the results of the diffusiqn pouple
; éxperiments but drastically influences the interpretation of microstructures
obtéined'by the- static method of quenching. The direct evidences fof the
supercooling of the aluminum silicate liquids are clearlj brought out in the
diffusion zone microstructures of three diffusion couples, Fig. 5, eaéh of
- _which was annealed at 1903°C for 15 min but cooled at relatively different
rates. These microstructures differ drastically although the averagé ai ffu-
_sion profiles, and the liquidus compositions at the sapphire interface
obtained by scanning the electron beam over an éréa'affected by locaiized
._crystallizatién,‘afe identical. The precipitated crystalline phase‘és deter-

mined by electron microprobe and X-ray diffusion is oniy mullite in the couple

that was quénched (Fig. 5A), only alumina in the couple that was cooled



relatively slowly (Flg 5C), and alumina and mﬁllite in the couple that was
cooled at a moderate rate (Fig. 5B). Since the liquidus composition at the
peritectic temperature is 52.3 wt% A1203, x350 yum of the diffusion zone
adjacent to the sapphire wéuld experience some alumina precipitation during
en equilibrium cooling (Fig. 4). The absence of aluﬁina in this portion of
the diffusion zone of a quenched couple (Fig. 5A) and presence of alumina in
& slowly cooled couple (Fig. SC)'can only be explained on the basis of super-
cooling phenomena of the liquid. It is, thus, important to note thatvyhile
the ovérall composition profiles oﬁtained by averaging over an area are in-
dépendent of the.néture of thé microstfucture itself and will always provide
information on the stable equilibrium cénditions, experiments based only on
microstructural observations.could yield conflicting results depending on the
experimental conditions followed. |

| The precipitation of mullite with high aiumina cbntents only from a melt
can now be explaihed when the sfable equilibrium phase diagram of Fig. 4 is
viewed with the aid of these Fwo additional facts that (i) in the absence of
alumina, a meﬁastdble silica-mullite equilibrium exists with mullite display-
ing congruent meltiﬁg behavior at a maximum of =1890°C and ;83.2 wth A1203,
and (ii) aluminum-silicate liquids can be supercooled below the alumina and
mullite liquidi with subsequent metastable solidifiéationlof muliite,inétead
of the stable a_.lﬁ_mina phase. With rapid cooling rates, alumina sélidification
can be eliminated compietely as iﬁ the microstructure of Fig. SA; The com-
positiop of these mullite precipitates may extend beyéﬁd the stable-solidv
solﬁtibn field as indicated 6& 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



eutectic existed between mullite'amd alumina.

Finally;ithe diffusion zone microstructure of Fig. 5C ?revideé‘a direct
evidence for the existence of a metastable silica-alumina:phase equilibrium,
without any mullite pheSe, 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 extensiou of the
alumina liquidus below the periteetic tg—:mpera.‘ture.(lh)‘i lt should be noted,
however, that although the cooling rate is slow enough to maintain.loeel
.equilibrium, the overall diffusion profile of this zone, obtained byithe
scanming beam technique, is identical to those of microstructures in Fig. SA:
aud.SB and corresponds to the profile at 1903°C sincerlong range diffusion
effects,during'cqoling are negligible.

L. SUMMARY AND CONCLUSIONS =

The diffusion couple technique when utilized in conjunetion with micro-
.structural studies is useful in determining not only the stable equilibrium
buf metastable equilibrium couditions as well. The utllity of this technique
vis illustrated in the determination of the stable SlO —Al203 equilibrium phase
qdlagram, in which mullite is shown to melt incongruently as originally deter—
mined by Bc_Jwen and Greig.( 15) The examination of the diffusion zone micro-
'_struc‘bu'res.supports the incongruency of mullite and also yields additiioha.l
information on the metastable equilibria caused by the superceoling of the
aluminum silicate melts. The conflicting nature of ihe previous phase equilib-
-rium investigatious on the Si0 -A1203 system. has been associated with the
. supercooling pheuOmenon'of aluminum silicate liquids and with the existence

‘of metastable silica-mullite equilibria in the absence of alumina.
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FIGURE CAPTIONS
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
layer forms between the a and B phases. The-two-nhase region L + o
ond B + B appear as interfacés. Below the eutectic, at T700°C, o and
B‘solid solution remain in direct contact. (After F. N. Rhines(é)y.
The re;ationship between the one-phase ;ayersgformed in a Cn-Zn diffuf
sion couple and the Cu—Zn Phése'diagrém}v The isotherm at L400°C

represents the sequence of phases occurring in the diffusion couple.

- (After F. N. Rhines(a)).

The relationship between the structurc of a ternary diffusion couple
and the phase diagram. Layers arc developed corresponding to both
one and'two-phase regions lying upon the composition path betﬁeen 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(s)).

The revised 8102-A1203 stable equilibrium phase diagram (top). The

relationship between the stable phase diagram and the concentration

profile of a semi-infinite Si02-A1203 diffusion couple is shown at

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

_stablé extensions of the SiOz-mullite‘system and the Al,03 liquidus

-are superimposed on the stable SiOe--Ale3 diagram; CA’ 100% A1203;

CML’ concentration of A1203 in mullite at the mullite-liquid inter-
face;-CAM, concentration of A1203 in mullite at the A1203 mullite

interface; CI’ concentration of A1203 in liquid saturated with mullite.
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Fig..S. The microstructhres of the difoSion‘zone between a c&uplé of
sapphiré (bottom) and fused siliéa (top),énﬁealed.at'l903°c for 900
sec. and (A) quenched, (B) cooléd at a relatively,moderafe rate, and
() cooled felgtively.siowly.. The precipitates iﬁ the top.portion of

- the diffusion zdne are (A)‘mullite (1ight gray), (B) alumina (light
grey needles) and mullite (fine precipitatés bétween the alumina
neédles), and (C) alumina (light gray needles). The precipitates

along the interface in (B) and (C) are also alumina.
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PHASE DIAGRAMS IN METALLURGY
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LEGAL NOTICE

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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