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CHEMICAL REACTION ‘TN A HOT-PRESSED
Alp03-GLASS COMPOSITE

Mark A. Stett and Richard M. Fulrath
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Mineral Technology, College of Enginecring,
“University of California, Berkeley, California

April 1967

ABSTRACT
A study of ﬁhe effec£ of hot pressing variables upon a chemical
reaction within a twé;phase system was undertaken.. Thé:reaction between
slumina and sodium disilicate glass to form nephelite (NaZO-Alzoa-QSiOZ)

was investigated. This reaction was studied using X-ray diffraction,

electron microprobe, and petrographic techniques. The nephelite was

‘found to nucleate atvthe surface of the alumina and grow into the glass.

matrix.
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~I. INTRODUCTION

In recent years considerab;e work has been directed toward the
pro?erties of_two-ﬁhase_systéms and theweffect of the disPersed pnases
upon the mechanical properties of composites. Physiéal aspects, such
as volume fraction, particle geometry, and thermal expansion have been
studied in an effort to enhance the mechanical pro?%rties. Little work
has been'done, howevef, on improving these mechanical properties by
chemical techniques such as interfacial bonding or chemical reactions.

Sevefai studies have shown tgat some physical properties, such 'as
compressive strength, can be enhgnced‘by hot pressing during e chemical
1-5

. < e .6 . .
Chaxlader and McKenzie showed about a six-~fold increase

in fhe compressive strength of a fireclay when hot pressed during the

'dehydroxyiizatioh reaction with 20,000 psi as compared_to 5000 psi.

Chemical reactions can occur Quring the normal process of hot

‘pressing and can; in fact, occur at lower temperatures as a result of the-

'applied pressure. Carruthers_and Wheat7 found mullite formation at

650°C in a china élay hot’pressed7auring the dehydroxylization reaction

&

with 30,000 psi applied.

. In order to better undérstand hot pressing of composite systems

.and to control properties of the resultant product, a detailed knowledge
_6f any reactions occurring during the process must be known. Alumina
(A1,03)-sodiun disilicate (Nay0:28i0,) glass was chosén as a system for

investigation. In this system the phases react.at nigh temperatures to

form nephelite (Nay0:A1,03-28i0,).
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Fulrath8 has investigated.the internal stressésvin a glass-ceramic
éomposité using powdered aiuminé and sodium disiiicate'glass. At hot-
pressing temperatures of 850°C and higher. it was found that a second
phase, nephelite, was forméd. The nephelite,formation was found.to
directly iﬂfluence the internal stress énd waé propésed asva possible
mechanism of stress transfer.

Pask9

studied the sintering of élumina—sodiumAdisiiicate com-
positions. The formatioﬁ of»bridges between the alumina par£icleé which
stiffened the structure was obsefved. This stiffening ﬁés attributed |
to the formation 6f nephelite»on the surface of the alﬁﬁina which hélped
to hold the élumina particles togeﬁher. These bridges would collapse
at the carnegieite-alumina eutecticvtemperature of 1Lk75°C. It was
postulatea that hot.pressing would breék the bonds in these bridges and
yield neérly'theoretically dense bodies. |

| Sodium disilicate crystals and their nucleation and growth from
the glass were studied by Scott and Pasklo using a high temperature
'microscope.; Only heterogeneous nucleation, nucieationvon confainer walls
at high temper&tures and éurface nucleation at low temperatures, vas
found. The high temperature nucleatipn'occurred bétween h50°Cvand the- 
melting point of crystalline sodium disilicate at 8T4°C. The maximun
rate was found to occur at approximately 600°C. When the glass was ex-
posed to air at .temperatures of from 25 to 375°b and then heated to
about 800°C, sufface.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
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were observed at 800°C.

II. EXPERIMENTAL PROCEDURE

A. "Glass

The sodium.disilica#e glaés used in this_invesﬂigation was made in
the laboratéry from silica flour and reagent_érade‘sodium'carbonate.
The materials were dry mixed gnd'ﬁhen ﬁelted and refined in platinumv
cruciblés at 1300°C in an electfic furnace. Automatic rotation of the

crucible on an inclined plane was used 40 increase the fining action.

v

The glass was cast and-then crushed and dry'groﬁnd to -325 mesh in an
alumina-lined ball'mill witﬁ alumina pebbles. Thevdensity 6f the gléss
was 2.57 gm/cc.j': | |

B.;‘Alﬁmiﬁ; T .

Commercial sapphire boules were used as the éource of alumina.

The boules were thermally sﬁdckéd‘inﬁd coarse siie fractions by héating
to 1000°C and then quenching into éold water., Tﬁe resu'ting particles
measured a few millimeters.in diameter.'ATﬁis procedure also eliminated
any possibility of contamination of the alumina by iron from a crusher.
Final reduction was perfofmed byfﬁsing an alumina-lined ball mill with
alumina ?ebﬁles. -The ground particles were separated into several size
fractions and ﬁhen~introduced into a commercial ‘d-c plasma jet in order
to sphérqidize the particles. The spherical alumina ﬁhat was obtained
was X-rayed and found to be:aimost entirely‘a;A1203.' A.slight.trace

of y-Al,03 was found.
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C.. Hot Pressing

The glass and alumina spheres. were weighed into,the proper volume
fractions, thorqughly miked»with isoprop&l alcohql, and dried. The
" use of isopropyl alcohol instead of water prevented the attack of both
the glass aﬁd thé alumina by water. The measured densities of 3.97 and
2.5T for the alumina and sodium disilicate glass, respectively, were |
used in calculating the réquifed.volumé'fractions,

The hot-pressing arrangement is shown in Fig. 1. The mixed poﬁdérs
vere loaded into a tungsten‘cérbide.die body‘and graphite plungers were
inserted. The extreme fluidity of the glass at the hot—pressingv
temperatures'made a tungsten carbide die body necessary. After loading,
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.

Resistance heating was used with & 115 mil molybdenum heating coil.
Rates of cooiing from.thé.maximum fempefature were controlled by the
furnace's free cooling rate.: A linear differential transformer attached
to the belléws was used as a measure of the compaction of the sample in
ﬁﬁe die. Hot pressing of the composite samples was done at temperatures
greater than 750°C in order to obtain the nephelite phase while pre- .
3'Venting crystallization of either the alpha or beta sodium disilicate.
Preliminary investigations showed that thevnephelite first appeafed af
750°C while under the minimum preésﬁre used.

The hot-pressed saméles'were sectioned and mounted in a clear

casting resin., All samples were polished with a . set of silicon carbide
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Fig. 1 Bchematic diagram of hot press.
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papers (240, 400, and 600 grit) and then finished on a series of
diamont paste laps (6, 2, and 1/2 micron diamond). Carbon was vapor
deposited on the finished sémples to provide a conductive surface

suitable for electron microprobe analysis.

_D. Electron Microprobe

A Materials Analysis Coﬁpany electron probe wés used for the
simultaneous analysis of aluminum and silicon. The characteristic
radiation emitfed.by the elements in the specimen was fesolved by
properly ﬁositiohed potassium acid phthalate (KAP) crystals and the
intensities were measured with proportional detectoré. A motor-driven
gear meqhanism‘mOVed the‘éample‘in_a step—ﬁise fashion relative to the
electroh bean. integrated counts were teken at various intervals along
the radius of an alumine sphere and info the glass sufficient to give
a smooth curve of concenﬁration as g function of distance., The beam
- diameter was lup and the depth of penetration was a maximum of 3u.thhese
‘values are small compared with\the &YOp 41203 particle size. In order
to minimize the instability of the alkali glass as a result of the
electron beam heating, shortvcounting times (10 sec.), a low sample
current (O.b2pA), a low voltagé (15 KV), and a relatively heavy. carbon
;coatinngere used.

All data obtained ffom the proportional counters were corrected for
background, absorption, counter dead time and non~linearity, fluorescence,
and atomic number. In this case the counéer dead time, fluorescence; and |
afomic number correctionsharé‘ngligible‘and the background can be |

accounted for by a simple subtraction. The .absorption, however, reguires
v Y P » : £ ’ J



more careful consideration. Corrections werc made for several com-
positions ranging from pure glass to pure alumina for both aluminum. and

siiicon radiation.: Detailed prOcedﬁre ah&Amass absorption coefficients

were takén erm Smith';l The eiect;én minoprobe:?as eéuipped fo take |
photomicrograﬁhs of the sémple and @5 tak¢ phoﬁogéaphs of ﬁhe X—ray.
image'of every element as aisplayedvoP éﬁ osc;llogcbpe.

z

III.. ' RESULTS AND DISCUSSION
A Xemey
‘Samples of 40 v/O alumina'épherés'and 60”v/o_glass were pressed ab
800°C and 2000 péi for various héldipg times. = These samples were then
X-rayed £O'd¢terﬁiné the extent Sf'ngphelite fbrméti¢h.» A sample spinner

Vwas»used in Qfder‘to insure ﬁhétvfhe1X—ray‘beam covereC a representative |
portion of the sam?le face. .Peak‘areas fdr both alumina (28 ;>25.59, Cu Ka)
and nephelite (26 ='23.l°, Cu Ka):were used to estimate nephelite con~-

' centrétioﬁ. Care was taken to avoid'samplés %hat sthed any crysﬁal-
lization of eithe;’fofm of sodium disilicate.:.Thé peak area was thén'
plotted as a function of holding time as seen ‘in fig._2.' The curve rose
sharply and le?eled'éff at a’maximuminebﬁelite”content indiééting that
the reaction of'thé alﬁminé withAthe‘glaéslis rapid. ;This reactionlrate

for the overall reaction, however, is no indibétion éf the rate con-
trolling. step in the'rgactiqn. |
A-secdnd.setAéfisamples was'hotlpresséd under the same copditiéns,
exceptjthat § pafticle size of -ﬁOO ﬁesh waévused“rathqr than -270+325
mesh in phe:previéus.setm Peak“apea»measﬁrements’were.made'in the'Sam .
‘marner The resulting curve haé the same shape aé‘the.preQious one, bub
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in the -400 mesh samples about twice as much nephelite was formed at
.each corresponding holding time, indicating that surface area plays an

-important part in the alumina-glass reaction.

. B. ' 'Photomicrogréaph

The formation of.nephelitelcan be séen when the composite is viewed
with traﬁémitted lighﬁ.; A ko V/o alunina sample was cut and a thin
section was made. When viewed under transmitted light,'laﬁhs and féathers
of nephelite were‘seen in the vicinity of the alumina spheres. Another
portion of the same sample was powdered. A refractive index of befween
1.52 and 1.55 for diécreet particles of nephelite was measured using
calibrated immersion oils. The‘particies showed the pléoéhroism that is>
characteristic of nephelite, changing ffom yellow té green under crossed
‘Nicols. A represéntative photomicrograph'showing the nephelite particles
can be seen in Fig. 3; The nephelite grows radially from the sphere
into the gléss. | |

Microprobe daté showed the alumina’concentrations in the matrix
for this sample to vary from 12,0 to l9.5IWt/O AlgOg. The Al and Si
profiles for‘one of these samplés can be seen in Fig. 4. With this
level of AléOg in the glass matrix the primary phase upon crystallizatidn

12,13

. ét the temperatures used invthis work would be nephelite. This can
be seen in Figs. 5 and 6. There was no indication of any step in the
curve at the alumina-glass surface, implying that the nephelite is not
formed as a shell around the alumina spheres. The alumina sﬁheres

serve as nucleation sites for the nephelite crystallization and the

crystals grow into the glass phase. Occasional nephelite crystals will
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Fig. 3. Photomicrograph of thin section of 40v/o spheres composite

{800°C and 2000 psi).
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“ Fig. I FElectron microprobe profile of 40 v/o spheres

composite (800°C and 2000 psi)., ‘
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be seen isolated in the matrix, but these are .believed to be a result

of the sectioning process.

C. .Eiectron'Microprobe

Samples made with 10 v/o alumina spheres were X-rayed to attempt to
-vefify the formétion of the nephelite phase. None of these samples
v'showed any tface‘of the main nephelite peak. -Samples pressed under the
same conditions, but with 40 v/O alumina spheres, did show a marked
nephelite peak. Photographs of the X-ray imageAgenerated by aluminum
as displéyed on ﬁhe oscilloscope weré taken of both 10 v/o and Lo v/6
samples pressed at 85000 and 2000 psi for 10 minutes. These are shown
in Figs. 7 and_8. Thé aluminum content in éhe matrix increases wi@h an
'igérease iﬁ the volume ffaction of alumina invthé composite due té ﬁﬁé>
increased surface area.

Composites of 10 v/b alumina spheres formed at from zero to 3000 psi,
applied pressufe between T75°C and 900°C, and from holding times of 10
minutes to 4 hours were probed. Probing was done from the center of a
sphere outward inﬁo the glass and silicon and aluminum concentrations
were measured at selected points. The valﬁes obtained for aluminum
.concentrations.weré‘corrected,Vconverted to A1203 concentfations, and
plotted as a function of dgstance from the center of the sphere. The
concentrapion valués formed smooth profiles in every case, indicating
again .the laék of nephelite formation under these conditions. ..

Since all other parameters--pressure, -temperature, partigle size,
and holding time--were the same for both the.hO V/d and the 10 V/O

samples, the factor responsible for the presence of the nephelite must
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ZN-55T3

g, T Oscilloscope photograph of 10 v/o spheres composite (AL
radiation ~350X, 850°C, 2000 psi, 10 min.).

ZN-557

Fige 8 Oscilloscope photograph of 40O v/ o spheres composite (Al
radiation ~350X, 850°C, 2000 psi, 10 min.). '
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. be the level of alumina:in'the glass matrix. Thus the reaction between
the alumina and the glass is'dépendent upon the migration of alumines
- into the glass.. Once a certain alumina level is reached, the reaction

“can proceed and the nephelite is formed in the glass and not as a shell

around the alumina sphere.

IV.L,SUMMARY :

Chémical reactions can'occur in a‘two-phase composite during normal -
hot-pressing processes. The réaction bétween alumina and sodium disilicat
glass to‘form nephelite ﬁés.found to occur at hot—pressiné temperatures
of T50°C and higher. The nephelite wﬁs found'to nucleéte at the surface

"qf;the alumina:SPhere'and grdw into the glass phase.
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