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United States Government or any agency thereof, or the Regents of the University of
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CHEMICAL REACTIVITY IN AN AlZO -GLASS COMPOSITE

Mark Alexander Stett

Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Mineral Tecunology, College of Engineering,
University of California, Berkeley, California

May 25, 1966

ABSTRACT
In oxdér to better understand the hot-pressing process, a study
of the géfect of hot pressing.variables upon chemical ;eéctions ﬁithiﬁ )
a two-phase system was undertaken., The reaction between ‘alumina and
éodium disilicate glaSs to form nephelite (NaZO-A1203-ZSiOZ) was chosgnzs
as ‘a model, This reaction was studied using x-ray, electron microproﬁe,'
and petrographic techniques, T |
vDissolution of the alumina and its migration into the glass matrii
was fouﬁd to be the controlling steplin the reaction to.form nephelite,
Pféssure, témperatufe, and holding time were found to have 1ittié-or
.Jno_effect, The nephelite nucleates at the surface of the alumiha and

A

-, grows into the glass matrix,
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I. INTRODUCTION ‘
.Inwrecent yearS’considerable work hae Beee dOne:on the'ﬁechanical-
_properties'of two-phase systems and the effect of the diSpersed phase
epon the mechanical properties of the compeeite.‘ Physieal asﬁebté,.
eUCh as volume fraction, particie geometry, and.thermal expansion have

been studied in an effort to enhance these'mechanicel properties. Little

work has been done, however, on improving these mechanical properties

by chemical techniques such as interfacial bonding or chemical reactions,

Several studies have shown that some’physicel properties, such:asﬁ' v

compressive strength, can be enhanced by hot pressing during a-chemical -

v 16 - _ LT _ - ‘ :
reactiomn, - Chemical reactions can occur during the normal process of -
Lo . 1 E :‘ . ) o ! ’ ‘L R

" hot pressing of a two-phase composite, fesulting in the possible im-

provement of some physical or chemical properties. In ordefvto~better
understand hotﬁp;essing, it must be determitied if and how temperature
and pressure affect a reaction that can occur between the two phases

Qf‘a”bgﬁposite. The system alumina (Al,03)-sodium disilicate

)]

,(NaZO‘ZSiOZ) glass was chosen as a model system to investigate these

effects, 1In this system the phases react at high temperatures to form

nephelite (Na20'51203-28102).




II. LITERATURE

Réactive_hot pressing has been defined as the hot pressing of a
material during a chemical reaction, While a chemical reaction is in
prbgress, the reacti&ity of a solid is high, This increased reactivity
may be employed to produce better microstructures and thus enhancg
mechanicalgpropérties in the hot-pressed body. Chaklader and McKenziez
showed that by hot préssing clays while dehydroXyiiza;ion.reactions were
occurrihg, theacompressivé strength of the resultiﬁg body.was'increased'
a;most tenfold'oyer those hot pressed. after dehydroxylizaﬁion had
oécufred. Bulk densities were aléo improved by this technique.:
Chaklader and Baker3:applied this process to the phase transition in

zirconia, Reactive hot pressing produced strong, dense zirconia that

did not fracture while undergoing the phase transition, They reasoned -

‘that strong interparticle bonds were produced by this technique. With

normal hot-pressing techniques the zirconia fractured as a result of

Y

thie 97 volume change during the phase transition, Reactive hot pressing
.during a decomposition reaction was also used to increase compressive

strengths., The decomposition of boehmite into alumina was used by

Chakiédef and Shetty1 to produce strong cermets of alumina and séveral
métals. ﬁorgan and Scala® used a reactive hot-pressing technique in
order to obtain nearly fully dense MgO and A1203 from brﬁcite and
gibbsitg, respectively, They used the dehydration reaction in each
case as their hot press}ng reaction, Chaklader® also used the decom-

position of a carbonate to hot press strong and nearly fully dense MgzO.

- .. 10 . . . . : ' .
Fulrath has investigated the internal stresses in a glass-ceramic’

1

composite, using powdered alumina and sodium disilicate glass., At hot~

'




pressing températures of éSO°C and higher it was found that & second
cfystalline phase, nephelite, was formed., The nephelite formation was
found to directly influence the internal stress and was proposed as a
‘possible mecnanism of stress transfer, The relations;ip between the
x-ra§ strain and the time at temperature for the hot-préssed samples

is shown in Fig. 1.

Studt and Fulrath11 used mullite-glaés'systems to .examine the
effect of chemical composition, crystal shape, and crystal size on
mechanical properties. The formation of nephélite at several hot-
QresSiﬁg temperatures. was observed, No attempt was made to furthef
. investigate'the phenomenon, A diffuéion-controiled méchanism was - the -
assﬁﬁed.explaﬁgfion;' The formation of a;cristobalité was observed-at
hot-breésing temperatures of from 600 to 650°C. This. phenomenon was 

explained as the nucleation of G-cristobalite by a diffusion-controlled

mechaniéh. *

Paskl? studied the sintering of élumina;sodiumvdisilicate com-
‘ébéitions. The fbrmation of bridges between the alumina pafﬁicles
which stiffened ﬁhe structure was observed, This stiffeniﬁg was at-
tributed to the formation of nephelite on the éurface of the alumina
wh%éh helped to hold the alumina particles together., These bridges
.ﬁould co}lapse at thé carnegieite-aluminé eutectic temperature of
1475°C. It was postulated that hot pressing}wouid break the Bonds in
tthese bridges and yield nearly theoreticaily dense bodies. |
Nephelite, Na, .

monly found as a glass stone, It crystallizes as laths, needles,

OiAl7O3‘ZSiOV is a colorless»crysfél that is com-

feathers,. or irregular filmy patches in glass matrices, Nephelite
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'slightiy higher than normal glasses;

has-a low birefringence and a refractive index of 1,533-1.537 which is

ir nucleation and growth from

the glass were studied by Scott and_Pask,g using a high temperature

[}

Sodium disilicate crystals and th

microscope, - Only heterogeneous nucleation, botk bulk nucleation at high

temperatures and surface nucleation at low temperatures, was found, The

. high temperature nucleation occurred between 450°C and the melting point

of crystalline sodium disilicate at 874°C. 'The maximum rate was found

to.occur at approximately 600°C., When the glass was exposed to the aifv

at temperatures of from 25 to 375°C and then heated to about 800°C,

~surface nucleation occurred. Both the alpha and beta forms of sodium

disilicate were observed as crystallization products. Growth occurred
between 600 and 870°C for both forms, The maximum growth rates were

?bserved ?t 800° C,




III. EXPERIMENTAL PROCEDURE
A, Glass
The sodium disilicate glass used in this investigation was made
>ih the laboratory from Silica flour and reagent grade sodiumAcarbonaﬁe.
Theimaterials were dry mixed.and then melted and refined in plétinﬁm
crucibles at 1300°C in am electric furnace, Automatic rotation of
the crucible on an inclined plane was used to increase the fining action.
The cast glass was crhshedvand dry ground to -325 mesh in an alumina-lined
ball mill with alumina'pebbles. The density of the glass, measured by -
‘an Archimedes technique, was found to be 2,57, Methyl alcphol was used -
‘aé the liquid phaée and all measurements were made on a Mettler bélancé.
o B.:iAluminé | o |
Commefciai sapphire boules were used as the source of alumina.
The boules were thermally shocked iato coarse‘size fractions by hgatiﬁg
to'iOOQfC and .then quenching into cold water. The resﬁlting particies-.
meaéuréégé few millimeters in diameter. This procedure alsoveliminatéd'
aﬁy possibility of contamination of the alumina by iron from a crusher,
5 y :
Final reduqtion was performed by using an alUmina—liﬁed ball mill with.,‘
alumina pebbles, Thé ground particles were separated into several size
fréctions and.then introduced into a commercial d-c plasmaljet in order
to'spheroidize the particles.13 Argon was used as the carrier gas éﬁd
a moderate quenching rate was employed.14 The settings used on the
plasma,jet'cagﬂgg seen in Table I, A d;nsity séparation.was méde on
the ma%erial ébﬁﬁng from the plasma jet to eliminate foreign materials,
ahd the bafticles were placed on an incline to separate out the épherical

particles. The spherical alumina that was obtained was %-rayed and

CRFE - memor - —

e e i e e e s




found to be almost entirely a-A1203.

Table I, Plasma jet settings for the spheroidization
of alumina

Operating voltage 25 v.
Amperaée 450 amps
Line gas flow _85 s.c.f.h.
Carrier gaé flow | 11 s;cff.h

e C. Hot Pressing

EA

‘Tﬁé:glass and alumina spheres were weighed into the propervvolume
_fractidnsg thoroughly mixed with isopropyl alcohol, and - dried. The
use of isopropyl alcohol instead of ﬁater prevented the attack of both

the glass and the alumina by water. The measured densities of 3.97

and 2,57 for the alumina and sodium disilicate glass, respectively,
were used in ﬁalculating'the required volume fractions,

The hdt-pressing arrangement is shown in Fig, 2. The mixed powders
were ioaded into a tﬁngsteﬁ carBide die body and graphite plungers weré
inserted. Thex;%tremevfluidify of the glass at the hot-pressing
temperatures made a tungsten carbide dié Eody neCéésary. Because of
the fluldlty, a nearly hydrostatic force was present w1th1n th; com-

posite and the resulting tangential force on the walls of the d1e body
exceeded the maximum strength of thevgrade of graphite which was the

original die body material, The viscosity of sodium disilicate 0lass
‘as a function of temperature can be represented by the equatlon9 15-17.
6 :

logypm = -0.38 + 28 5. 61.\.10

From this equation it can be scen that the viscosity of the sodium
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Schematic diagram of hot press,
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/ ' :
disilicate glass in this investigation ranged from 5.34&;].0“L at the
.lowest temperature of 775°C to 1.17:-:104 at the highest temperature of

850°C. After ioading, the die body was positioned in the vacuum chamber.

A Pt-Pt 10% Rh thermocouple was inserted in the die body and the system.'

was evacuated ‘to less than a micron pressure,

Resistdnce heating was employed using a 115 mil molybdenum heating

coil. Pressures varying from 1500 to 3000 psi and temperatufés of 775

to 850°C were used, The length of time at temperature and pressure

‘ranged from ten minutes to four hours, Rates of cooling from maximum

temperature were controlled by the furnace's free cooling rate,

Preliminary pressings were made to determine. the softening.charac-

teristics of the glass.. A linear differential transformer attached. to:

the bellows was used as a measure of the compaction of the sample in
: ‘ i ! ’ _
the die. It was found that a pure glass sample, heated at a rate of

10°C per minute under a 500 psi holding pressure, softened_over'a'

teﬁpérature range from'430 to 480°C.

'iﬁot pressing of the composite samples was done at 775; 800, 825,

éﬁd 850°C iﬁ'order to obtain the nephelite phase while preventing:
crystallization of either. the al?ha or beta sodium disilicate, Pre-
liminary investigations showed that the nephelite first appeared at
750°p wﬁile under the minimum pressure used,

The hot-pressed samples were sectioned and mounted in a.clear

~casting resin. All samples were polished with a set of silicon carbide

pape:§'(24Q, 400, and 600 grit) and then finished on a series of
diamond: paste 1aﬁs (6, 2,and 1/2 micron diamond); Carbon was vapofv

- deposited on.thé_finished samples to provide a conductive ‘surface
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- suitable for electron microprobe analysis.

D.  Electron Microprobe

he electron microprobe yields essentially a fluoréescent anilysis
of an area on a micro scale. The sample is used as the turﬁutAWhiph i

bombarded with a beam of electrons producing fluorescent x-rays. A

' Model 400 Electron:Microprobe Analyzer manufactured by the Muturiajs

Analysis Company wés used in this investigation. The characteristic

radiatibn emitted by the elements in fhe'specimen was resolved by properly

positioned potassium acid phthalate (KAP) crystals and the intenuities

were measured with:proportional detectors. A motor-driven gear mechuanism
. - R

moved the sample in'a stepwise fashion relative to the electron boum.

o Operating conditions for the electron microprobe'are.listed in Table ITI.. .

Table II. Oﬁerating conditions for the electron microprobe.

o

. zTakeoff angle | ' o h0.2§°
 Voltaée B ' _ 15 KV
Speci@en cufrent - - 0.020 u amps
~ Oscilloscope magnification ¥350X-
AL céuntér setting =~ 1.26h5 A
31 counter setting _ : 1..080% R

Ahalysesvwefe made simultaneously of aluminﬁm ahd éilicon K-alpha
radiation. Radiation intensitics were registered on'scélers as total
counts per ten seconds; Integrated counts were taken at various
intervals along the radius of an aiumina sphére_sufficient to gﬁve a

smooth curve of concentration as a function of distancce. ''his system



'

of glass and alumina spheres was ideal for electron microprobe analysié
in that the necessary standards for the glass and alumina are built |
into the sample.. With only 10v/o spheres‘phe matrix has a negligible
concentration of aluminum and can be used as the glass standard, The
center of an alumina sphere can be used as rhe alumina standard,

All data obtained from the propoftional counters must be corrected
for backg;ound; absorption, counter dead time and nonglinearity,
fluoré;cence, and atomic number, In this case the counter dead timé,
fl&orescence, énd atomic number corrections are negligible and the
background can be.aécouﬁtéd for by a simple subtraction, The absorption;
gbwever, requirés mére éareful consideration, Corrections werevmade
for several compositions ranging from pure glass to pure alumina for
for aluminum énd silicon.radiaﬁion. Detailed procedure and mass

18 Results of the

absorpfion coefficients were taken from Smith,
absorption corrections are shown in Fig. 3 and Fig. 4 where K is.the
uncoffected conqeptration and C is the corrected concentration.

The eléétrgn microprobe was equipped to take photomicroéfaphé'ofvg
the sambie and to take photographs of the;x-ray image for any elemént
from én oscillo;copé, Magnification with -the photomicrographs was
limited by the equipment to about 200X oniy, but the magnifiéation of
‘the x-ray image could be varied from about 225X to about 4000X witﬁ
the Voitage used invthis investigation, The voltage that will give thé"
_most accurate measurementg depends upbn‘the atomic number of theh

elements in question. For the low atomic number elements a low

voltage yields the best results and in this case 15KV was used,




1.0~

‘Fig. ‘3. Measured concentration (K) vs. corrected

concentration (C) for Al radiation,
K=C for no absorption.
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4. Measured concentration (K) vs. corrected
concentration (C) for Si radiation,
K=C for no absorption. '




IV, RESULTS AND DISCUSSION

A. X-Ray

-Samples of 40v/o alumina spheres and 60v/o glass were pressed at

800°C and 2000 psi for varicue holding times, These samples were then

x-rayed to determine the extent of nephelite formation. A sample

‘spinner was used in order to insure that the x-ray beam covered a

!

representative portion of the sample facé. The patterns obtained in
this manner were then measured at both an alumina (26=25.5°) peak and’
a nepheli;e (26=23.1°) peak and the peak area'@és estimated,. Care‘was’
taken to avoid samples that shé&ed any crystallization of either form -
afzsodiuﬁ disilicate. The peak area was then plotted as a function of-
\ ) ' : '

holding time as seén in Pig. 5. The curve rosejsharply and leveled off

 at a maximum peak area indicating that the reaction of the alumina;with'

: o r . . I
"the glass is rapid, The similarity between this curve and the internal

strain curve in Fig, 1 should be noted, A second set of samples was

hot pressed under the same conditions, except that a particle size of

 —400 mesh was used, rather than —270+325 mesh, and peak area measure-

ments were made in the same manner. The resulting curve had the same

-

shape as the -270+325 curve, but the —400vmesh samples coﬁtained about
twice as much ﬁephelite formed af each corresponding holding time,
indiéating that surface area plays an importantvpart in the alumina-glass
fuaction.

B. Microprobe

In order to determine the effect of temperature, pressure, and

holding time upon this reaction, sets of 10v/o alumina samples were

made with two of these variables constant in each set, The samples
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#

in each set were probed from the center of a sphera bﬁtward’and the
SiliCOn’and aluminum concentratioas werglmeasu;ed ét sclected spdtsw
Thg véi;és obtained for concentration were then plotted as a function
of distance frém the center, There was no indication of any ste§ in
the curve which would imply the formation of‘che coméound nephelite at -
the alumina-glass surface, The concentration valuesvfofmcd a émooth
diffusién coupie in‘every case,

The slopes.of these curves were then measured:and plotted as a
funcéion of tﬁe variaﬁle ﬁarameter in each instance, Two sets of samples

were made to investigate the effect of pressure, In the first set a

' temperature of 775°C and a holding time of 10 minutes were uscd

e

Pressures of 1500 2000 2500, “nd 3000 psi were applied. The results

of the slope measurements in this set can be seen in Fig, 6. These data

show that there is little or no effect of pressure upon the migration

'of alumina from_the-sPhereiinto the glass, The two values for the slope

in.each case réprésgﬁt the results of probing each sphere in :w§ dif-
ferent &;rections ég fight‘angles to each other in order to écgount for
the anisdtropy of alﬁmina;'which will be discussed in a later section,
The sgcdpd set of'samples waé preééed at 800°C for 10 minutes at pr cssures
of ISOO,fZOOO, 2500 and 3000 psi, The results of the slope mcasurcuents |
can be seen in Fig, 7. Once again there is little effecﬁ of pressurc
upon the nephelite réactioﬁ. The values for the slopes. of all the

samples investigated were quite stecp and did not differ from each other
. ; : .

by a 1arge degree, This result is to be expected since the effect of

pressure on the solubility o solids in liquids is generally quite small,

The third set of samples w¢s oressed at 2000 psi for 10 minutes
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and at temperatures of 775, 800, 825, and 850°C, The results of these
slope measurements can be seen in Fig. 8. As with the second set of
pressure-varied samples, the slopes are nearly the saﬁe and there is
~,,v'lit:;:le effect of temperature upon this reaction, The influence of
Eémperature on the solubility of soilids in liguids can vary markédly_
Most substances absorb heat on solution and tend to become more soluble
at higher temperaturés. When the process is exothermic, however, a
decrease in solubility accompanies a temperature increase, !

A fourth set of samples was pressed at 775°C, 2000 psi, and for

holding times of 10 minutes, 1 hour, 2 hours, and 4 hours., Once again - . ol

thefe is.little or no dependence upon the variable, in this case the 7
holding time. This can be seen in Fig. 9 where the slope of the curve
once agaln is nearly zero. As long as there is a concentration gradient,
T away from the alumina spheres the solubility rate will remain constant
<! : . 4 !

with, time, ‘

\in or&er to investigate the effect of the anisotfopy of alumina
xupon the measured slopes, a sample pressed at 800°C and 3000 psi for
1Q minutes was probed at intervals of 30° and the slopes of the ;esult- ;
ing curves were measured, These slopes, plotted as a function of anglg,é
can be §een in Fig. 10. The anisoﬁropy of.alumina can bé seen in the 1
maxima and minima that occur at 120° intervals for this hexagonal
crystal. By taking any 90° interval it can be seen that the spread in
the twovvalues for the slope calculated for each sample is to be
expectaed.

Each of these samples made with 10v/o.spherves was x-rayed to

attemdt to verify the formation of the nephelite phase. One of the
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samples showed any trace of the main nephelite peak, Samples preésed
‘under the same conditions, but with 40§/0r5pheres, did show a marked
nephelite peak with the x-ray pattern, One of these 40v/o sphere
samples was probed in an effort to identify the nephelite phase with

the microprobe. This probe profile can be seen in Fig. 11 and there
isvno evidence of any step to indicate the formation of nephelite at the

sphere-glass interface, This profile, along with Fig. and the x-ray

n

results, indicate that the reaction is not controlled by diffusion as
was thought by Studt and Fulrath. Instead, the reaction appears to

solution of the alumina sphere and hence

Fh

be controlled by the rate o
is highly dependent upon the particle size and therefore the surface
‘afea, When the ?atticle size of the saturating phase becomes very

small thessolubiiity of a solid in a liquid is usually increégéd.
Photogra?hs of the x~ray image generated by aluminum as_displayed on the
oscilloscope were taken of samples pressed at 850°C and 2000 psi for

10 minutes. These are shown in Fig, 12 and Fig. 13. The aluminum
content in the matrix increases with an increase in the volume fraction
'éf aluming in the composite, With the higher aluminum content in the
ﬁétrix the nephelite‘phase was identified by x-ray techniques, Since

all oth?r parameters-‘--preSSureJ temperature, particle size, and holding
time-~were the same.for each of these two samples, the factor responsible
for the presence of the nephelite must be:the level of alumina in the
glass matrix., Thus the reaction between the alumina and the glass is
controlled by the solution of thc alumina sphere and the migration of
this alumina into the glass. Once a cevtain alumina level is reached,

1

the reaction can proceed and the nephelite is formed in the glass and
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ZN-557L

Fig. 12. Oscilloscope photograph of 10v/o spheres composite
(Al radiation and about 350X).

ZN=-5573

Fig. 13. Oscilloscope photograph of 40v/o spheres composite
(Al radiation and about 350 X).
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not as a shell around the alumina particle.

C. Photomicrograph

Tﬁe‘formation'of nephelite can be seen when the composite is viewed
- with transmitted light. The 40v/o spheres sample waé cuf-and a thin
Section‘was made., ‘When viewed under transmitted light, laths and - |
feaﬁhersvof nééhelite can be seen in thé’vicinity of §he alﬁmina sphéfGS.
'Anothervportion of'the'same sampie_was powdered and a refractive index‘
of bétweén 1;52 and 1,55 for diséreet.parﬁiéles ofvhéphelite:§as measured
ﬁith caliBratgd oils. The particles showed the pleochroism that is
-chéracteristic.bf nephelite, changing from_yelloy to green under
.polarized light. A'representative.photomicrograph shoWing thé nephelite
particlés can Be seen in Fig, 14. The nephelite grows'radially‘from
the‘sphé:e into the glass. Océasiohally a'particié:of néphelité will
 be'seen entirely surrqunded by glass. Micrqprobe.data show the alumina
cohcentré;iéns in the matrix for this 40v/o sphere samplé to vary from
'lg;o to'l9.5v/o Al,05. With this levél of Al,0, in the glass matrix
éﬁe'pfimary phase upon crystallization for the.temperatures used in

this work would_bé ngphe1ite.19‘“This can be seen in Fig, 15 and TFig. 16.
The alumina sphéreé sérve as nhcieation sites'for the nephelite
cryétal}ization and the érystals grow into the gléss phase; Occasional
néphelite crystgls will be seen isolated in the matrix,.bﬁt these are

ied

a result of the sectioning process,
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ZN=5572

Fig. 14. Photomicrograph of thin section of 40v/o spheres
composite (128X).
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Chemical reactions can océur in a two-phase coﬁposite during
‘hormél_hot-pressing processes, The reaction betwéeq alumina and sodium
.disilicate glass to form nephelite has been found %o occur at hot-
pressing EemperaturesAof 75C° C and higher,

Electron microprobe analysis of composites of alumina‘spheres and
sédium disilicate glass does not show the distinct'step at the sphere
Ainterface which would indicate a diffusion—contfélled rea;tion.. Réther 
'_the reaction ﬁgs_been found to depend upon the.concentratioh of aluﬁihéi
in the glgsé matrix, An increase in the A1203 concentration in the .
matrix was found to accompany an increase in the émount of nephelite -
ﬁérmed, indicating that the reaction is controlled by the dissolution
bf the aluﬁina sphere, "The maxinum rates of solution in different:
 directions‘ab5ut each -sphere occur at 120° intervals fo; this hexagonal
crystal, = Pfessure, temperature, and hblding_time have little or no
effect upon this dissolgtion. The nepheiite has been found to ndcleate»

at the surface of the alumina sphere and grow into the glass phase.

L
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