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Microstructural Evolution in Triaxial Porcelain
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Microstructural evolution in a model triaxial porcelain was
studied by X-ray diffractometry and electron microscopy of
guenched samples after firing fo 3 h at 600°-1500°C. The clay
component dehydroxylated to metakaolin at~550°C. Meta-
stable sanidine formed from decomposition of the feldspar at
>600°C and dissolved at>900°C. Liquid formation at
~1000°C was associated with melting of feldspar and silica
discarded from metakaolin formation via the K,O-Al,O4—
SiO, eutectic. Liquid content increased at 1000°-1200°C with
further feldspar melting and additionally at >1200°C because
of quartz dissolution. Small (=7 nm) mullite and y-alumina
crystals precipitated in pure clay relicts and larger (=30 nm)
mullite crystals in mixed clay-feldspar relicts at 1000°C. In the
evolving microstructures, three regions were observed. These
regions were derived from pure clay relicts containing primary
(type-1) mullite; feldspar-penetrated clay relicts, also contain-
ing secondary (granular type-Il) mullite; and the matrix of fine
clay, feldspar, and quartz, containing secondary (granular
type-1l and elongated type-Ill) mullite. In addition to shape,
the mullite size changed, increasing from regions containing
type-I to type-lll mullite, because the increasingly fluid liquid
enhanced crystal growth. Below 1300°C, primary mullite was
richer in Al ,O; than the secondary mullite, and the glass
composition was inhomogeneous, with the ¥O and Al,O4
contents varying throughout the microstructure. Above
1400°C, mullite began to dissolve.

I. Introduction

RIAXIAL porcelain bodies have been studied extensivefy.

These porcelain bodies are typically fired mixtures of 50 wt%
fine-grained clay (commonly kaolin, A(Si,Og)(OH),), 25 wt%
flux (usually feldspar), and 25 wt% filler (commonly quartz). The
evolution of the microstructure of porcelains to their final state is
known in general term$® The clay provides plasticity, allowing

(>1 pm) secondary mullite and was related to the varyingQAl
content in clay and feldspar relicts. Furthermore, the increase i
mullite crystal size from the clay-feldspar relict interface to the
feldspar relict center was related to matrix viscosity, arising from
varying K,O content. Schullérused electron microscopy to show
that all primary mullite transforms to secondary mullite at 1400°C
and, because of the complete dissolution of quartz, a textur
consisting of glass and mullite needles results. It was also show
that cristobalite crystallizes in some, but not all clays, at
~1225°C*°

Feldspars are low-melting mineral alkali aluminosilicates anc
serve to lower the temperature at which viscous liquid forms. The
liquid phase reacts with other body constituents and graduall
permeates the microstructure, leading to its densification
Feldspars of major commercial interest are potash feldspe
(K,O-AlL,O4:0.6Si0,), soda feldspar (N®-Al,04:0.6Si0,), and
lime feldspar (Ca@\l,040.2SiQ,).** Potash feldspar crystallizes
in the monoclinic form as orthoclase and in the triclinic form as
microcline, while soda and lime feldspars crystallize as triclinic
albite and anorthite, respectivélyThe body vitrification temper-
ature decreases with increase in feldspar conteepheline syenite
is predominantly microcline (KAISDg), along with ~10 vol%
nepheline (NgkKAl ,Si,O,4), and is commonly used as a flux in
modern pottery bodies. Feldspar is believed to meltEt00°C in the
contact zone between feldspar crystals and clay relicts, and tt
amorphous silica discarded from clay relicts during metakaolir
formation may assist melt formation at-985°C via the
9.5K,0-10.9AL,0,79.8SiQ, (in wt%) eutectic:®> Potash feldspar
never crystallizes from its own melt and is known to dissociate intc
glass and leucite (KAISDg) at~1170°C. Leucite crystals (alone) are
known to dissolve at 1530°€. Sanidine ((Na,K)AISi@) formation
has been reported in mixed alkali feldspars heated at 900°-1050°
but not in porcelain compositiod$.Clay and feldspar also contain
small amounts of oxides, such asJ8aCaO, MgO, TiQ, and FgOs,,

components when they are in the green state. At the beginning of témperature of the body and the glass viscdsity.

sintering, kaolin clay shrinks and cracks. At 500°-600°C, the clay
dehydroxylates to form metakaolin, within whighAl ,O5 spinel
nucleates at-900°C’ At ~1000°C, decomposition of clay relicts
forms fine (0.5 um) primary mullite® Lundin®> and Schullet
reported the formation of two types of mullite crystals in porcelain
bodies, distinguished by their size. Aggregates of sraall.b um)
mullite crystals coming from the clay relicts are referred to as
primary mullite, whereas the longX1 m) needle-shaped mullite
crystals observed in the feldspar melt are ternmsegtondary
mullite. Igbal and Le® used electron microscopy and energy-
dispersive X-ray spectroscopy of commercial porcelains to show
that the ALO5:SIO, ratio of cuboidal primary mullite<0.5 pm)
was close to 2:1 (i.e., AD5-rich), while it was~3:2 for elongated
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Fillers (such as quartz) are materials of high melting tempera
ture that are chemically resistant at commercial firing temperature
(<1300°C). They reduce the tendency of the body to warp, distor
or shrink when it is fired to temperatures resulting in substantia
quantities of viscous glass.The low-temperature form of quartz
(o) inverts to high-temperature formg) at 573°C. Below 1250°C,
quartz is considered relatively insoludi2above 1250°C, disso-
lution of quartz forms silica-rich amorphous solution rims around
quartz grains. Dissolution of quartz depends on its size: i.e.
coarser quartz dissolution is slower than that of fine grains.
Quartz grains<20 pm completely dissolve at-1350°C, and at
>1400°C, porcelain bodies consist almost entirely of mullite anc
glass, with little quartz. Cracks commonly observed in and aroun
large quartz grains occur because of the large thermal expansic
mismatch between the crystalline quariz £ 23 X 107 % K1)
and the glassy phase & 3 X 10~ ® K™% in the temperature range
20°-750°Ct>17 Ohyaet al*® used acoustic emission to demon-
strate that quartz cracked in the temperature range 900°-800°C
cooling from 1200°C, because of its negative thermal expansion ¢
>1000°C and a lack of stress relaxation in the glass. Lundin
reported that if enough quartz is present to saturate the melt wit
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Table I. Chemical Compositions of Raw Materials Used

Raw material SiQ AlL,O; Fe,03 CaO NaOo K,0 MgO TiO,
Nepheline syenite 55.8 23.7 0.105 1.6 7.9 8.9
Kaolin (ECC Intl.) 48 37 0.77 0.07 0.1 2.3 0.3 0.03
Silica sand 99.8 0.05 0.009 0.02 0.05 0.01 0.05

TAll compositions in wt%; data from supplier.
Table 1. Relevant Crystallographic Data
Lattice parameters (A and °) ICDD File

Phase Crystal system Space group a b c a B Y No.
a-quartz Hexagonal P3,21 4.91 491 5.40 90 90 120 5-490
Microcline Triclinic C1 8.57 12.96 7.2 89.4 115.5 90.5 22-675
Nepheline Hexagonal P64 10.01 10.01 8.40 90 90 120 9-458
Leucite Tetragonal 14,/a 13.06 13.06 13.751 90 90 90 15-47
Kaolinite Triclinic P1 5.155 8.95 7.40 91.68 104.87 89.9 14-164
Sanidine Monoclinic C2/m 8.42 13.0 7.16 90 116.1 90 19-1227
Mullite Orthorhombic Pbam 7.545 7.689 2.884 90 90 90 15-776
Cristobalite Tetragonal P4,2,2 4971 4.971 6.918 90 90 90 11-695

silica, its dissolution stops and it transforms partially into cristo-
balite. Initiation of cristobalite formation at the quartz-melt inter-

a mercury densitometer (Model No. P1210, Mettler-Toledo, Inc.
Hightstown, NY).

face and its growth into the quartz grains suggests that it depends Differential thermal analysis (DTA) was performed on the

on the presence of the melt.

The final microstructures of fired porcelain bodies consist of
10%—-25% mullite, with composition ranging from 2481,-1Si0,
to 3Al,052SIi0,, 5%—25%a-quartz (SiQ), and 0%—8% pores

as-mixed porcelain and the nepheline syenite powder, using
Stanton Redcroft Standata (Model No. 673—-4, The Fine Work Co.
Ltd., Sutton, U.K.) DTA unit. Calcined alumina was used as a
reference. For XRD, powdered porcelain bodies and fired an

dispersed in 65%—-80% potassium aluminosilicate glass. Bodiesunfired nepheline syenite powder were scanned witK Cradia

with a high percentage of quartz also may contain cristobafite.

tion from 10°= 26 = 60° at a scanning speed of 0.5°/min, using

Processes such as densification behavior, homogeneity of thea diffractometer (Model No. PW1730/10, Philips Electronic In-
body, and shrinkage mechanisms during firing can be observed bystruments, Mahwah, NJ) operating at 30 mA and 50 kV. The
studying the microstructures and are of greater commercial interestdiffractometer was calibrated with aa-quartz standard. The
to the whitewares industry. The purpose of the present study wasICDD files' listed in Table Il were used to identify crystalline
to investigate microstructural changes in model porcelain bodies asphases.

they evolve on firing, by quenching samples at temperatures from
600° to 1500°C using X-ray diffractometry (XRD), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and energy-dispersive spectroscopy (EDS).

Il.  Experimental Procedure

Model porcelain bodies were prepared by mixing 55 wt%
quality china clay (kaolin) (ECC International, Cornwall, U. K.)
and 15 wt% North Cape nepheline syenite (Bayer, Ltd., Newbury,
U. K.) with 30 wt% silica (Tilcon (South), Ltd., Stoke-on-Trent,
U. K.). The chemical compositions of the raw materials used are
given in Table I. The quoted sizes of the clay, feldspar, and quartz
particles were 0.2—@&m, 10-50pwm, and 180-25Qum, respec-
tively. Batches (300 g each) were wet-milled in a porcelain mill
with zirconia media fo 6 h at 80rpm. To disperse clay agglom-
erates, the slurry was further milled for 30 min after the addition
of 3 g of deflocculant (Dispex N40, Allied Colloids, Ltd.,
Bradford, U. K.). The slurry was passed through a 212 mesh,
oven-dried overnight at 100°C, powdered in a porcelain mortar
and pestle, and again sieved through a 2irlPmesh. The resulting
powders were moistened by spraying with a fine mist of distilled
water droplets (10 wt%) and granulated by hand over a poly-
ethylene sheet. The granulates were pressedi@tMPa in a steel
die and the pellets (0.9 crr 2.5 cm) fired in mullite or alumina
crucibles at 100°C intervals from 600° to 1500°C at 10°C/min,
soaked fo 3 h attemperature, and cooled to room temperature at

~75°C/min. These samples are referred to as PO, P600, and P150

throughout this study, where PO is the as-mixed body and the
number after P denotes the relevant firing temperature.

SEM samples were polished to a 0.2 finish with diamond
pastes after initial grinding with SiC powder and water. The
polished surfaces of samples fired 301000°C were etched by
dipping for 3 min in a 5% HF solution, washing in water and
acetone, and subsequently carbon coating (Model No. Speediv:
12E6/1598, Edwards High Vacuum Products, Crawley, W. Susse;
U. K.). An SEM (Model No. JEOL 6400, JEOL, Tokyo, Japan)
operating at 20 kV was used for microstructural examination of the
samples. Secondary electron images (SEI), back-scattered electt
images (BSl), and EDS (Model No. 6276, Link Analytical Sys-
tems, High Wycombe, Buckinghamshire, U. K.) were used to
identify the constituent phases.

Standard TEM sample preparation procedures were followe
that involved grinding, polishing, dimpling, argon-ion-beam thin-
ning, and carbon coating. Samples fired to temperatsrB300°C
could not be thinned using standard techniques, so that powders
these samples were suspended in acetone and deagglomeratec
ultrasonic treatment. A carbon film supported on a copper grid wa
dipped in the slurry and dried in air, leaving particles suspended o
the carbon film. A TEM (Model No. 420, Philips) operating at
120 kV and a TEM (Model No. JEOL 3010, JEOL) operating at
300 kV were used for bright-field (BF) imaging and selected ares
diffraction (SAD). A single-crystal silicon sample was used as the
standard for camera constantL] calibration, where\ is the
electron wavelength and the camera length. At least three SAD
patterns (SADPs) from each crystal identified were indexed. Th
elemental compositions of crystals and matrix glass were analyze

sing EDS (Model No. 6618, Link Analytical) with a JEOL 3010
EM. Precise quantification of the EDS spectra from the mullite
crystals was difficult because of their overlap with glass, althougt

The apparent density of the as-pressed pellets was calculated
from measurements made using Vernier calipers and a digital

balance. Bulk densities of the fired pellets were determined using

TInternational Centre for Diffraction Data, Newtown Square, PA.
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Fig. 1. Variation in density of porcelain bodies aftg h attemperature.

) ] ) agglomerates (“C"), and feldspar grains (“F”).
attempts were made to obtain spectra from crystals with little

overlapping glass from-50 regions of each phase.

higher temperatures. Mullite was detected at 1100°C; its amour
Ill.  Results increased to a maximum at 1400°C, before decreasing at high
) ) temperatures. This behavior indicated that mullite formed a
The density of the samples reached a maximum (2.449/cm  >1000°C and partially dissolved at1400°C. A single cristobalite
after quenching from 1200° or 1300°C, above which temperature peak (at B ~ 21.96°) suggested it formed at 1500°C.
the density decreased continuously, reaching a minimum (1.97 g/°  TEM analysis of the as-mixed porcelain powder (P0) revealec
cm?®) at 1500°C (Fig. L DTA from the as-mixed porcelain powder  pseudohexagonally shaped kaolinite crystals, elongated microclir
(PO) was similar to that from kaolinite, with an endotherm at crystals, and irregular nepheline crystals. Figure 2 is an SEI o
~550°C, indicating clay dehydroxylation, and an exotherm at p700, showing agglomerates of dehydroxylated clay (labeled “C”
~1000°C, resulting from mullite crystallization. As expected, (<90 pwm) and irregular €40 pm) a-quartz (“Q") grains in a
DTA of nepheline syenite revealed no peaks, but just a continuous matrix containing irregular£10 pm) feldspar (“F”) and fine clay
endothermig drift at>500°Cl, because pf its grgdual sintering  relict (<1 pm) particles and powder agglomerates. Feldspa
and/or melting. XRD of unfired nepheline syenite powders re- crystals could be distinguished from clay relict particles becaus
vealed microcline, along with a small proportior10 vol%) of the aluminum peaks were higher and the potassium peaks lower
nepheline. After the nepheline syenite was quenched from 1200°C, the EDS spectra from clay relict particles, compared with those
three small leucite peaks were detectedtat=225.9°, 27.32°, and from feldspar.
31.66°, although a large amorphous hump indicated that the  Ag shown in Fig. 3, two types of clay relict agglomerates were
composition was~95% glass. The leucite peaks disappeared by gpserved in P1000. EDS detected more potassium, along wit
1400°C, indicating dissolution of leucite in the glass. ~aluminum and silicon, in the agglomerates with lighter contrast (ir
The phases detected by XRD in the as-mixed and fired sg|) suggesting that those agglomerates were feldspar-penetra
porcelain bodies are listed in Table Ill. The as-mixed samples clay relicts (labeled “G-F” in Fig. 3(a)). On the other hand, the
contained kaoliniteq-quartz, and microcline, along with a small - garker agglomerates (labeled “C") contained few or no potassiur
proportion ¢-5 vol%) of nepheline. XRD peaks resulting from  peaks, suggesting that they were pure clay relicts. At temperature
kaolinite disappeared at some temperatﬂft()Q°C because pf the  =1000°C, some regions (“L”) appearing dark in BSI showed a
loss of OH" groups from the structure, leavingquartz, micre morphology suggesting the formation of a liquid in the matrix
cline, and nepheline in P600. Microcline and nepheline were (rig. 3(b)). Under this condition, the angular feldspar crystals
present up to 1100°C, but disappeared at higher temperaturesseemed to disappear and the liquid content to increase wit
presumably when they dissolved. The appearance of tB2)(2  temperature, probably because of gradual melting of feldspar. Pu
sanidine peak (at@~ 27.18°) at~700°C suggested that the  cjay (“C") relict agglomerates could be clearly distinguished from
sanidine formed between 600° and 700°C, increasing in amount to mixed clay-feldspar (“G-F”) relicts at =1100°C (Fig. 4(a)),
900°C, above which it disappeared. Several other small peaks onpecause of their more contiguous microstructure. Most of the
the XRD traces from samples fired at 700°-900°C matched fe|dspar crystals had dissolved by 1100°C, except a few, larde (
sanidine, but overlap with other feldspar peaks made unambiguous,,m) partially dissolved (indicated by the rounding of their edges)
identification difficult. The decreased intensity of thequartz microcline crystals, identified by their SADPs in the TEM (Fig.
peaks at>1200°C showed the partial dissolution @fquartz at A(b)).
In P1000, precipitation ofy-Al,O, and/or primary mullite
(=7 nm) was observed in pure clay relicts, while in feldspar-fluxed

Table Ill. Constituents of Porcelain Body Held 3 h at regions, mullite crystals were more developed (Fig. 5(a)). Pur
Various Temperatures clay relicts of P1100 contained smat$0 nm) mullite crystals
- (left side of Fig. 5(b)), while clay-feldspar relict regions contained
Temperature (°C) Constituent phases longer 0.5 um) mullite crystals (right side of Fig. 5(b)). The
Unfired a-quartz, kaolinite, microcline, nepheline crystals were identified using SADPs. SEM of P1300 revealec
600 a-quartz, microcline, nepheline three distinct regions containing different types of mullite: pure
700 a-quartz, microcline, nepheline, sanidine clay relicts containing aggregates of primary, scaly type-l mullite
800 a-quartz, microcline, nepheline, sanidine (“MI™); feldspar-penetrated clay relicts containing secondary,
900 a-quartz, microcline, nepheline, sanidine granular type-1l mullite (“MI1”); and a matrix of clay, feldspar, and
1000 a-guartz, microcline, nepheline ) quartz containing longer<(20 um), secondary type-lll mullite
1100 a-quartz, microcline, nepheline, mullite, glass  (“miII"), as well as type-Il mullite (Fig. 6). TEM showed that the
1588 “:qﬂg;gv mﬂlmg gl§§§ contiguous pure clay aggregates contaire@1 um cuboidal M
1400 Z-guartz’ mullite. glass mullite crystals in a g!assy matrix (Fig. .7(a)), while the feldspar-
1500 a-quartz: muIIite: cristobalite, glass penetrated granular microstructure contained a mixturs®f pm

cuboidal and longers1 pm) MII mullite crystals (Fig. 7(b)).
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Fig. 3.
note the lighter contrast of clay relict agglomerates{'f) containing feldspar. (b) BSI from the same area in (a), showing dark phase suggesting liq
(“L") formation in the matrix and also at the boundaries of clay relict agglomerates.

. 3 ; S
Fig. 4. Microstructures in P1100: (a) BSI showirgquartz grains (“Q”), pure clay relict agglomerates (“C"), mixed clay-feldspar relict agglomerate
(*C+F"), and a partially dissolved feldspar crystal (“F"); note the dark phase suggesting liquid (“L”) formation in the matrix, the boundaries oftlay r
agglomerates, and also in the mixed clay-feldspar relicts. (b) BF-TEM image and a correspondin§AD®Lof a partially dissolved microcline crystal

Fig. 5. BF-TEM images of clay relicts (left side of each figure) adjacent to feldspar-penetrated relicts (right side); primary mullite crystals ondke lef
are smaller than secondary mullite crystals in feldspar-fluxed areas: (a) P1000 and (b) P1100.

Angular a-quartz crystals in P1100 indicated thatquartz silicon only, suggesting that those regions were clay relicts. Th
dissolution had not yet begun, although after 1300°C rounding of bubble-free matrix contained aluminum, silicon, and potassium
the edges of thew-quartz crystals indicated their partial dissolu- indicating that it was feldspar-derived glass. The microstructure o
tion. Above 1300°C, bubbles formed throughout the microstruc- porcelain fired at 1500°C consisted of long-10 pm) mullite
ture, and quartz grains had partially dissolved. Figure 8(a) shows needles (M) in a potassium silicate glass, and extensive cracking
bubbles formed in samples fired at 1400°C. In P1500, EDS of quartz (labeled “Si@) grains indicated its possibté transforma
regions close to bubbles revealed the presence of aluminum andion to cristobalite (Fig. 8(b)).
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, 2 °

Fig. 6. (a) SEI of etched P1300, showing scaly mullite (“MI”) and granular mullite (“MI1”) formed in pure clay relict and feldspar-penetrated clay re
agglomerates, respectively. (b) SEI from the same sample, showing an elongatedrf) mullite crystal (“MIII”) formed in the matrix containing mixed
clay-feldspar grains.

MIEAMIIE

Fig. 7. BF-TEM images of P1300: (a) pure clay relict, showing cuboidal primary mullite crystals and (b) feldspar-penetrated clay relict containing lo
secondary mullite crystals, along with cuboidal, primary mullite crystals.

N Al "4 ‘ 9 ; * v/ Da) - " & - g ”4 part N [ ’f‘ : X } S ‘4.
Fig. 8. SEI of (a) etched P1400, showing bubbles formed on overfiring, and (b) etched P1500, showing mullite needles (“M”) in potassium silicate
Note the cracked quartz grain (“SjQ, indicating the partial transformation of quartz into cristobalite.

Semiquantitative EDS revealed that the,@4:SiO, wt% ratio intensity of XRD peaks for mullite indicated its partial dissolution
for primary (MI) mullite was 83:17 to 89:11 a&1300°C; for at >1400°C.
secondary (MIl and MIII) mullite, the ratio was 71:29 to 75:25. At
1500°C, most of the mullite crystals contained 87—-90 wt%43|
and 13-10 wt% SiQ independent of their size and origin. In most IV. Discussion
cases, the glass close to quartz grains contained, ®itly,
whereas the glass composition varied in the matrix throughout the  The increased density of pellets fired at 1100°-1300°C (Fig. 1
microstructure. For example, the,® content of glass in clay is associated with liquid formation at-985°C, via the
relicts (which contained primary MI crystals) varied from 0 to 9.5K,0-10.9A,0,-79.8SiQ, (in wt%) eutectic, and feldspar melt
9 wi%, whereas in feldspar relicts (i.e., in the vicinity of secondary ing at=1100°C, which filled the pores and densified the bodies.
MIl and MIII crystals), it varied from 0 to 13 wt%. The decreased The decreased density at1300°C results from gas evolution,
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leading to bubbles in the microstructure (Fig. 9(a)). The bubbles additionally containing type-MII mullite, and mixtures of clay and
form in feldspathic regions of overfired bodies, which contain feldspar particles containing type-MIl and type-MIIl mullite in the
OH™ groups and nitroget® Bubbles are observed in clay relicts matrix (Fig. 6). Type-lI mullite regions contained clusters of small
and not in feldspar-derived glass, which suggests that bubbles may(=0.1m) crystals and were primary mullite, because they formec
form in less viscous regions (such as feldspar melt) in the early first at <1100°C; type-Il mullite regions had a granular morphol-
stages of overfiring® However, at higher temperatures ogy, and the crystals were shorter than those of type MIIl, whick
(>1400°C), the reduced viscosity facilitates release of entrapped were highly elongated and acicular (Fig. 7).
gases from these regions, although they remain in more viscous The observed variation in the morphology and size of mullite
clay relicts. crystals is explained by the gradient in viscosity of the relevan

DTA of as-mixed porcelain powders revealed the reactions of matrix and subsequent, more-rapid mass transpbtullite for-
the kaolinite only. The continuous endothermic drift of nepheline mation and its distribution in the feldspar and clay relicts is
syenite at>500°C is a result of its gradual melting. Consistent determined by diffusion processes within the reaction layer be
with DTA results, XRD of nepheline syenite revealed the presence tween the feldspar and the clay relicts. The diffusion proces:
of >95 vol% glass at 1200°C and a small amount5@) of depends on the concentration gradients and the diffusion rates
leucite, which dissolved at1400°C. The dissolution of leucite at  K,O and ALO,. Feldspar melts at a lower temperature than the
a lower temperature than reported for pure potash feldspar other constituents in the body, and mixtures of clay and feldspa
(1530°C) may result from the presence of nepheline, affecting its grains have the lowest viscosity. Similarly, clay relict agglomer-
dissolution temperaturt®. ates containing feldspar are more fluid than the agglomerate

McConville et al.” studied microstructural evolution in pure  containing no feldspar. Consequently, some type-lll mullite crys-
kaolinite, using TEM, and reported spinel-Al ,O;) formation at tals may grow longer in the least-viscous clay-feldspar relict
>900°C and primary mullite at 1000°C. In the present work, XRD mixtures than the type-MIlI mullite in the more-viscous clay relict
indicated mullite formation at a temperature1100°C*®> The agglomerates containing some feldspar. Type-l mullites formed i
lower viscosity of porcelain bodies because of the fluxing action of the pure clay relict agglomerates are the smallest because of t
feldspars facilitates more rapid growth of crystals than in pure clay highly viscous matrix. A box diagram of phase evolution in triaxial
bodies; therefore, the smak nm) crystalline features observed porcelain, based on the present XRD study, is shown in Fig. 9. Fic
by TEM in P1000 may be the spinel phase in pure clay relicts, 10 shows the microstructural evolution of triaxial porcelain, basec
while the larger £30 nm) crystals observed in some regions are on the present SEM and TEM studies
the secondary MIl mullite crystals in feldspar-penetrated clay  The dissolution of quartz depends on its grain size and also o
relicts. Lundirt® demonstrated that mullite crystals grow from the the type of feldspar use€d?*>?* Lundin'® reported that the
outer surface of the clay relict into the feldspar relict, suggesting transformation of quartz into cristobalite begins-at200°C, with
that primary (type-MI) mullite may act as a seed for the nucleation the formation of an outer zone around the quartz grains; howeve
of secondary (type-MIl) mullite. in the present study, cristobalite was only observed-2400°C.

In the present study, three types of regions (which may
crystallize mullite) were observed: pure clay relict agglomerates

containing type-MI mullite, feldspar-penetrated clay agglomerates
clay relict agglomerates
pure clay relict containing feldspar

agglomerates

. - mixture of clay relict and
Clay + | Microcline ®a1si;09 | | Quartz feldspar
(AL0,.28i0,.2H,0) + )
N X . (Si0,) a-quartz
i epheline (Na;KALSi,044)
~550°C
Metakaolin
(ALO4.28i0) 7370
_ e a- to B-quartz liquid
|_ ~700-900°C I inversion
k. l Sanidine formation 1
~1000°C - = l_ -
v-Al,Os-type spinel and/or
type I primary mullite & ~1000°C
amorphous silica l«-| Granular secondary type II and longer
- + secondary type I1I mullite crystals form in
Silica reacts with feldspar to feldspar -penetrated clay relicts and clay-
form eutectic melt feldspar-quartz matrix liquid feldspar-penetrated clay
‘ relicts
clay-feldspar-quartz —
>1100°C matrix pure clay relict
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— bubbles
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Fig. 9. Box diagram of suggested phase evolution in triaxial porcelain, Fig.10. Schematic illustration of the suggested microstructural evolution
based on XRD, SEM, and TEM results. in triaxial porcelain.
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Hermansson and CarlssGriound that the composition of glass
was consistently the same (76Si5AlLO,7K,0-1Ca0 (wt%)),
whereas Klykovaet al 23 reported the presence of three varieties of
glass, different in origin and proportion of aluminum and silicon
oxides; however, no quantitative information was given. In com-
mercial porcelains fired at 1200°C, Igbal and Eeeported a
heterogeneous glass of varying® and ALO, contents through
out the microstructure. In the present studys<d300°C, the glass
close toa-quartz was pure SiQand, as expected, less,® was
detected in regions containing primary mullite (i.e., clay relicts)
than in the vicinity of secondary mullite crystals (i.e., in feldspar-
penetrated clay relicts). The A, content also varied throughout
the microstructure. Below 1300°C, the chemical composition of
primary mullite crystals was AD5-rich, while secondary mullite
crystals were relatively poor in AD,. The reasons for the
observed variation in chemical composition may be the different
glassy environments (in clay, feldspar relicts, and their mixtures)
in which the crystals are embeddgd.

V. Conclusions

Based on XRD/SEM/TEM analysis, unfired but shaped porce-
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