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Abstract

This work reports a study on (i) the evolution of mineral phases versus time and temperature, and (i) some relationships between phases observed,
process parameters, and macroscopic properties (thermal expansion and water absorption), in sanitary-ware vitreous bodies. These properties are
relevant to satisfying the technical requirements of sanitary-ware. We have fixed the green body composition, varying some key process parameters,
such as firing temperature (77), firing time (#) and quartz grain size (dsg); a grid of 30 Tt—#;—dso points has been explored. We have spanned the
t—Tt space (0—80 min; 1200-1280 °C) using firing temperatures representative of the plateau values of the heating curve in industrial processes.
X-ray powder diffraction has been used to determine the phase composition for each Ty—#—ds, point. Scanning electron microscopy proved useful
in enhancing the micro-structural characterization. Quartz dsy seems to be the process-parameter which most effectively co-relates with the thermal

expansion of the glassy matrix.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

It is common industrial practice to assess the quality of a
ceramic body for sanitary-ware through macroscopic measure-
ments which are representative either of its processability or of
its response to fatigue.! This is dependent on the phases and their
micro-structures that have developed during firing, as a function
of the initial raw materials and of a set of key process param-
eters, which, in turn, influence the thermodynamic solid state
reactions leading to a finite ceramic body.'=> In such a view,
understanding the connection between process parameters, the
observed phases and the physical properties of a fired body is
a step towards a full rationalization of the industrial production
cycle.
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The general aim of the present work is to contribute to under-
standing the relationships between peak firing-temperature (7t),
firing-time (#¢), quartz particle size (dsg), phase-contents devel-
oped upon heating, and two macroscopic properties that are
important to the pre-production assessment of a casting slip:
thermal dilatation and water absorption of the related ceramic
body. Thermal dilatation and water absorption are strongly con-
nected with the processability of a body, the former governing
its shrinkage upon cooling, and the latter providing a quantifi-
cation of a crucial property for vitreous sanitary-ware. Earlier
studies have shed light on how the quartz content and its particle
grain size influence the mechanical properties of a finite ceramic
body.*

A blend of kaolin, clay, Na-feldspar and quartz (dsy ~18
and ~50 wm), used to mimic a prototypical industrial slip, was
fired at 1200, 1240, 1280 °C for 0—20—-40-60-80 min. The fired
ceramic pieces thus obtained have been studied by: (i) X-ray
powder diffraction to quantify the phases occurring; (ii) scan-
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ning electron microscopy to investigate some aspects of their
micro-structures; (iii) thermal dilatometry to determine the ther-
mal expansion coefficient; and (iv) water absorption to quantify
the degree of interconnected porosity, in a way relevant to the
industrial assessment of a sanitary-ware product. The phase
composition and the macroscopic observables have then been
related to T¥, #r and quartz-ds.

2. Experimental
2.1. Samples

The green body was obtained mixing with a flunger in wet
conditions commercial raw materials in the ratio: 27 wt% kaolin,
23 wt% ball clay, 25 wt% Na-feldspar and 25 wt% quartz (dsg
~18, ~25 and ~50 pm). Their elemental composition is shown
in Table 1. Given that the results obtained using quartz with
dso ~18 and ~25 pm were identical within experimental uncer-
tainty, we have chosen to focus our discussion on the cases of
dso ~18 and ~50 pm, i.e. those which best bring to light the
effects due to the average quartz particle size.

The slip was aged for 24 h, cast into cylinders with diameter
and length of 0.8 and 6 cm, respectively, then fired according to
the #;—Tt grid of Table 2 and eventually quenched to room tem-
perature. Firing was performed in a static kiln, setting the heating
ramp at 10 °C/min. 3—4 Samples at each t;—Tt—ds5( point allowed
assessment of the reproducibility of the results and reduction,
through averaging, of noise due to statistical variation.

2.2. X-ray powder diffraction (XRPD)

Samples cut from the fired cylinders and manually ground in
an agate mortar, were examined by X-ray powder diffraction,
using an X’Pert Panalytical Diffractometer, in 6—26 Bragg-
Brentano geometry, equipped with an X’Celeretor Detector.
A 20 range of 10-70° (Cu Ka-radiation, 40kV, 40 mA) was
explored with a stepsize of 0.02° and a counting time of 30 s/step.

The glass content of sanitary-ware ceramic bodies was deter-
mined following the commonly used method of Gualtieri,’
which relies upon an addition of 20wt% high-purity cal-
cined a-Al,O3 (ICSD 10425) serving as an internal standard
for re-scaling the phase contents predicted by Rietveld
treatment.®” The quartz content was also cross-checked, by
a re-determination performed using the Reference Intensity
Ratio (R.I.R.) technique.® The powder diffraction patterns
were processed using the GSAS software package.’ The 26-
intensity profiles were modelled using pseudo-Voigt functions®;
for each phase, the relative scale factor, cell parameters, pro-
file width parameters, preferred orientation coefficient after
March-Dollase!? were refined. Twelve coefficients were used
to describe the background in terms of a Chebyshev polynomial
series.

2.3. Scanning electron microscopy (SEM)

All samples were analyzed using a Cambridge Stereoscan
360 scanning electron microscope to investigate their phase-

morphology and micro-structural features, and to discriminate
between primary and secondary mullite crystals. The cylin-
ders were cut transversally into Smm thick slices with a
water-lubricated rock saw. Discrimination between primary and
secondary mullite requires removal of as much of the glassy
matrix embedding the crystals as possible. This was accom-
plished by etching the samples’ surface by means of flouro-boric
acid, which is an effective method for dissolving part of the
glassy matrix, allowing an improved view of the crystals trapped
inside.

2.4. Thermal expansion

Thermal dilatation measurements were carried out using a
Netzsch Dilatometer 402 ED, previously calibrated on alu-
mina and tested for industrial sanitary-ware samples, setting the
temperature ramp rate at 5.5 °C/min. The sample length was
recorded every 0.1 min, between 20 and 815 °C.

The linear thermal expansion coefficient (1 ) and the sample
length at temperature 7, i.e. L(T), are related to one another via
the expression beneath

L(T) = Lo explar (T — Tp)]

where the subscript 0 indicates ambient conditions; «f, is here
modelled by a constant term.

The volume (V) thermal expansion coefficient («) of bodies
consituted of more than one phase (a subscript j is hereafter used
to attribute a given quantity to the jth-phase) can be expressed
as:

0=t x (av> _ [azjv,-(T)] )
v o \or) " 1ZviD)] oT

Eq. (1) can readily be cast into

o [Tt xai/pj] )
2inilpj

where A; and p; are the weight fraction and density of the jth-
phase, respectively. We use for A;, p;j and «; their values at room
conditions, which provide an excellent approximation for the
present case, but for the volume thermal expansion coefficient of
quartz, for which we adopted its average value on the 25-550 °C
T-range.

Note that: (i) in isotropic bodies the relationship between
linear and volume thermal expansion coefficients is ¢ & 3 X ar;
(ii) the model of Eq. (1) neglects the effects due to the contact
surfaces between phases; (iii) pglass ~2.07 g cm~3, as used here,
is an estimation resulting from an average based on over 50
picnometer density measurements of ceramic bodies, where the
raw p-values had been properly corrected to account for the
embedded crystal phases.

2.5. Water absorption

The water absorption coefficient (WA) was determined using
the following procedure: the sample was dried for 12hat 110 °C
and its weight (mq) measured using an analytical balance; the
sample was then immersed in water and boiled for 2 h, cooled
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Table 1
Elemental composition of the raw materials used for the initial slip composition. Average uncertainly about 1%.
Wt% Raw material Chemical composition (wt%)

(industrial name)
SiO, Al O3 Fe,03 MgO TiO, CaO K,O Na,O

27 Kaolin 54.25 41.82 1.08 0.34 0.06 0.08 2.26 0.17
23 Clay minerals 55.65 39.52 1.38 0.23 1.04 0.23 1.73 0.23
25 Quartz 99.42 0.4 0.05 0 0 0.02 0.05 0.05
25 Feldspar 71.29 18.07 0.13 0.1 0.06 0.2 0.10 10.04

in situ for 12 h and re-weighed (m,). Hereafter, we use the WA
coefficient calculated as:
(my — mg)

WA = {
mg

] x 100.

This parameter is commonly adopted in the industrial practice
to quantify the degree of porosity, and assess whether the finished
sanitary-ware bodies meet the technical requirements.

3. Results and discussion
3.1. Phase evolution versus tp-T—dsg

In Table 2 we report the phase compositions developed at
each tr—Tr—dsg point, determined as the average of 3—4 inde-
pendent experimental runs at the same time—temperature—quartz

Table 2

size conditions. We adopt the acronyms SM and S2 to refer to the
sample series obtained using quartz raw materials of dsy ~18,
and ~50 pm, respectively.

Fig. 1 shows the phase evolution as a function of # and T¢,
for the samples of the SM and S2 series.

Preliminary qualitative XRPD-measurements have shown the
occurrence of quartz (ICSD 67117), mullite ICSD 100805) and
glass in all samples, along with Na-feldspar ICSD 87654) only
in specimens fired at 1200° and 1240 °C, and #f=0min (i.e. at
the end of the heating ramps). Kaolinite and clay minerals are
completely absent following such thermal a treatment, as their
decomposition reactions” take place at a lower temperature, and
promote the formation of mullite and Si—Al-rich glass. Fig. 2
shows the Rietveld plot of sample S2 fired at 1200 °C for O min
with a-Al,O3 added as internal standard.

Mineralogical composition (wt%) of the samples after firing. Estimated accuracy on the basis of repeated measures is ~0.5% to 0.8%. oy, is the linear expansion

coefficient over the interval 30-540 °C.

t¢ (min) T: (°C) dso (um) Mullite Quartz Feldspar Glass W.A. o,
(x1076°C—1)
0 1200 50 14.9 28.6 10.5 46.0 9.5 5.16
20 1200 50 19.4 27.7 3.8 49.1 3.6 5.00
40 1200 50 17.5 27.2 24 52.9 4.1 5.04
60 1200 50 18.3 25.3 24 54.0 24 5.20
80 1200 50 17.0 25.7 2.1 55.2 2.7 5.16
0 1240 50 16.5 28.3 34 51.8 54 5.07
20 1240 50 18.0 26.7 0.0 55.3 3.7 5.56
40 1240 50 17.7 23.6 0.0 58.7 1.6 5.32
60 1240 50 18.0 22.6 0.0 59.4 1.1 5.58
80 1240 50 19.5 214 0.0 59.1 1.0 542
0 1280 50 17.4 24.2 0.0 58.4 3.6 5.24
20 1280 50 17.7 24.1 0.0 58.2 1.7 5.31
40 1280 50 17.6 22.3 0.0 60.1 1.6 5.23
60 1280 50 17.6 19.9 0.0 62.5 0.7 5.03
80 1280 50 17.6 19.5 0.0 62.9 0.5 5.01
0 1200 18 16.1 27.1 8.4 48.4 10.2 5.11
20 1200 18 17.9 24.0 24 55.7 3.7 5.83
40 1200 18 18.1 22.3 2.3 57.3 2.7 5.17
60 1200 18 17.2 20.3 1.5 61.0 2.0 6.24
80 1200 18 17.0 17.9 0.8 64.3 0.8 5.44
0 1240 18 17.8 24.7 3.5 54.0 5.6 5.60
20 1240 18 17.3 19.8 0.0 62.9 0.9 5.79
40 1240 18 17.6 18.7 0.0 63.7 0.8 6.17
60 1240 18 17.1 16.3 0.0 66.6 0.6 5.94
80 1240 18 17.5 15.0 0.0 67.5 0.4 5.62
0 1280 18 18.2 21.8 0.0 60.0 2.8 542
20 1280 18 17.6 18.5 0.0 63.9 0.7 5.49
40 1280 18 16.8 14.3 0.0 68.9 04 4.89
60 1280 18 16.9 13.9 0.0 69.2 0.3 5.12
80 1280 18 16.4 13.0 0.0 70.6 0.3 5.63
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Fig. 1. Phase content evolution as a function of ¢, Tt and dsg.

Quartz reactivity can be related to dsg, as proven by compar-
ing the quartz contents in samples at #y=0min>'"1? and same
Tt. In discussing the behaviour and role of SiO» in the materials
on study, it is important to take into account that the complex
silica phase diagram as a function of temperature depends both
on the heating/cooling rate of the thermal treatment'>!* and
on the parent slip’s phase composition. Crystalline Na-feldspar
was observed above its conventional temperature range of sta-
bility, presumably because of kinetics?: at larger f;-values, for
Tr=1240°C, it had definitely disappeared.

The full slopes [¢fu11(X), where X: quartz, mullite and glass]
and partial slopes [¢,(X), where X: quartz, mullite and glass; y:
(a) 0—40 and (b) 40-80 min ranges] of the phase content curves
as a function of #, at given T, are set out in Table 3 and used to
help elucidate the roles of firing parameters and quartz particle
size distribution in the formation of the final phases.'> It may be
concluded that:

2. Comparing @o-ao(quartz) versus

1. Mullite content does not appreciably increase as a function
of # (as shown in Fig. 1 and Table 2). This suggests that the
mullite formation reaction is largely completed during the
heating ramp at least on the timescale employed industrially.
Neither quartz grain size, nor T, seem significantly to affect
the rate of mullite formation, which varies between 15-19
and 16-18 wt% in S2 and SM, respectively, at #;>0. Mul-
lite begins to form at about 1000 °C influenced by clay and
feldspar presence,>'®!7 and at the end of the heating ramp
the resulting multi-phase system achieves an “equilibrium-
like” condition without further significant phase-changes,
save probably over a longer timespan than that examined.

®a0-s0(quartz), and

©o_40(glass) versus @40_go(glass) indicates that most reac-
tions involving phase-formation take place during the first

40 min of firing. This is particularly evident for the samples

treated at 1240 and 1280°C, indicating a higher rate of

I b w
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T T T
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Fig. 2. Rietveld plot for sample S2 fired at 1200 °C for 0 min with a-corundum added as internal standard. Peak labels are Q for quartz, M for mullite, A for albite

and C for corundum.
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Table 3
Full (0-80 min) and partial (0—40 min; 40-80 min) slopes of phases-contents versus #; in fired bodies. x and y are the ends of the interval over which the slopes are
calculated.
Tr (°C) S2 S2 S2 SM SM SM

(0-80 min) (0-40 min) (40-80 min) (0-80 min) (0-40 min) (40-80 min)
x—y(quartz) (min~")
1200°C —0.04 —0.03 —0.04 —0.11 —0.12 —0.11
1240°C —0.08 —0.12 —0.05 —0.11 —0.15 -0.9
1280°C —0.07 —0.05 —0.07 —0.11 —0.19 —0.03
x—y(glass) (min~1)
1200°C 0.12 0.17 0.06 0.19 0.22 0.18
1240°C 0.09 0.17 0.01 0.15 0.24 0.10
1280°C 0.07 0.04 0.07 0.13 0.22 0.04
@x—y(mullite) (min~1)
1200°C 0.02 0.07 —0.01 0.01 0.05 —0.03
1240°C 0.03 0.03 0.04 0.00 —0.01 0.00
1280°C 0.00 0.01 0.00 —0.02 —0.04 —0.01

reaction at higher T;. Moreover, this is seen more clearly
in the SM-series than S2, which emphasizes the role of the
quartz grain size in reactivity, i.e. the smaller dsp(quartz),
the larger its rate of reaction.

3. No trydimite was observed; although thermodynamically
favoured, its formation is kinetically impeded except in the
presence of specific promoters!®1%; similarly, cristobalite,
which forms in situ at even lower Tts starting from pure glass
precursors but fails to survive cooling.?

3.2. Micro-structures

All samples were inspected by scanning electron microscope
to investigate the evolution of the micro-structures developed
during firing. Fig. 3 shows six examples. A widespread lamellar
habit was observed in the samples at the end of a heating ramp,
i.e. t =0 min. Given that evidence from the diffraction measure-
ments eliminates any possible clay—mineral, we are inclined to
believe this habit relates to the persistence of a residual sheet-
mineral-like morphology, whose structure arrangement is no
longer that of the parent phyllosilicate, which has utterly lost
the peculiarity of long-range order.

As shown in Fig. 3, the degree of surface homogeneity
appears to increase as a function of #r and T; the lamellar habit
progressively changes into flakes, which are not seen at the high-
est temperatures. Backscattered electron images allow one to
observe the distribution of primary and secondary mullite,'®!”
the former assuming a “cuboidal” habit, the latter an elongated
one (Fig. 4). It would seem that primary mullite is more abundant
than secondary in the samples fired up to 40 min and 1240 °C;
a remarkable increase of secondary mullite is apparent in the
samples heated for 80 min at 1280 °C.

3.3. Water absorption

WA measurements show a marked decrease of the water
absorption parameter as a function of firing time and temper-
ature, and this trend is more visible in the SM-series. At the end
of each heating ramp, SM and S2 exhibit similar WA-values,

which diverge upon further firing. In Fig. 5, WA is displayed
with respect to 7 and Tt. In general, the trends seem to reflect
a vitrification process that proceeds monotonically as a func-
tion of #, and is accelerated in samples having smaller quartz
grains. Focussing on series SM, a more detailed inspection of
Fig. 5 reveals a remarkable sensitivity of WA to T¢ and #;: in
particular, passing from 1200 to 1240 and then to 1280 °C, one
realises that WA approximately halves for a 40 °C increase in
Tr. A WA of 0.5% is a typically accepted value for a fired body
destined for sale; this is achieved in SM at 1240 °C after 20 min,
but in S2 only at 1280 °C and after 80 min. For the same glass
content, WA 1is systematically larger in SM than S2. Equal glass
amounts in SM and S2 were obtained by increasing #s for S2.
The importance of firing time suggests that its role cannot only
be promotion of glass formation, but may also involve forma-
tion of specific micro-structures. The role of # is stressed in
Table 4, in which we report the partial WA contributions over
two different #f ranges, calculated as:

[WA(t,1, Tr) — WA(tg2, T)]
[WA(tt,m, Tr) — WA(tem, T1)]

x 100,

where trm=0s, frm is the largest # value used and
ttm <tr1 <tf2 <trM-

It was seen that over the first 40 min the average WA
decreased by ~77.5% in S2, but by ~89.5% in SM.

3.4. Thermal expansion

Fig. 6 shows a typical thermal dilatation curve for a ceramic
sanitary-ware body. The curve can be divided into three tem-
perature ranges: the first trails linearly from room conditions
to ~550°C; the second, from 550 to 600 °C, is substantially
governed by the a—f3 quartz displacive phase transition; the last,
above 600 °C, is reflective of a variety of transformations involv-
ing the glass phase.2? We focus here on the first range, which is
the most significant to the shrinkage of a sanitary-ware body on
steady cooling.

The volume thermal expansion of a ceramic sanitary-ware
body (acp) over the thermal range up to 550 °C has been mod-



1358 A. Bernasconi et al. / Journal of the European Ceramic Society 31 (2011) 1353—1360

A

e s
§2-0 m__in- 1200°C

BT S

N, i

Fig. 3. Backscattered electrons images of the surfaces of ceramic bodies treated at different firing temperatures and firing time conditions.

Table 4

Water absorption contributions in the ranges 0—40 and 40-80 min.

T; (°C) S2 (0-40 min) S2 (40-80 min) SM (0-40 min) SM (40-80 min)
1200°C 80.44% 19.56% 80.35% 19.65%
1240°C 86.96% 13.04% 92.04% 7.96%
1280°C 64.94% 35.06% 96.07% 3.93%

Mean value 77.45% 22.55% 89.49% 10.51%

elled by Eq. (2), using the literature values®' for the volume
thermal expansion coefficients of quartz (mean value over the
explored 7-range, i.e. 48.9 x 1070°C ! ), feldspar and mullite,
and parameterising that of glass as:

Qglass = ctp+ap X (Ty — 1200 °C)+ay x tr+ a3z x dsg. (3)

The coefficients ag, a1, @y and o3 have been determined by
a minimization of the differences between observed and the-
oretical acp-values. The 1200°C in Eq. (3) was introduced
to emphasize the difference between the three Tts examined.
a3 is meant to account for micro-structuring of glass around
quartz crystals; this process is expected to be sensitive to the
grain size, i.e. dso. In so doing, one attains the results set out in

SM-40min-1240°C] 1§ |

Table 5, which yield an average volume thermal expansion coef-
ficient for glass of 6.36 x 1076 °C~!. This figure is in keeping
with those from?? and references therein, which refer to silica-
based glasses. We investigated the effect due to the co-relations
between the o, 1, @2 and o3 parameters by varying sub-sets
of them in the minimization runs; in so doing, we observed that
the percentage contribution of each (i) does not change signif-
icantly and (ii) preserves its sign. Table 5 shows that o and
a3 are the main contributors to oglass, Whereas oy affects the
volume thermal expansion coefficient of the amorphous phase
more modestly. Fig. 7 clearly indicates the important role of dsg
in affecting the dilatation behaviour of sanitary-ware bodies. The
quartz content in the S2 samples is systematically higher than in
SM, which is somewhat contradictory with expectation, as S2

Fig. 4. Backscattering electrons images of mullite crystals formed in the ceramic bodies on study. Samples etched with BF4H.



A. Bernasconi et al. / Journal of the European Ceramic Society 31 (2011) 1353—1360 1359

a 1200°C 1240°C 1280°C
12 12 12
+ 2 s 52 + 52
ml 5 ¢ SM 104 o SM 10 o SsM
-} o o
2 99 g 891 & B
£ £ £
g g g
- L 3 . .
q 261 & 36
B g 8
o J o A o A
EI o R . B4 .
* &
2 4 4 2 4 . 2 é
o © o & o TN
0 . . . i ; 0 i i ; - it 0 . . : : Y
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
£ (minutes) ty (minutes) & (minutes)
b 1200°C 1240°C 1280°C
12 12 12
* 52 . S2 * 52
10 4 .0 & SM 10 - & SM 10 A & SM
E=1 o
s s ]
g .| i g .| g .|
g 2 oo 2
g g g
B 4 *o B 41 B 47 .
* O <
| * J i
2 & 2 i 2 on
<& d X A *80
0 —_— 0 —— 0 ————%
40 45 B0 55 60 B5 70 75 440 4 A0 H5 BO B5 70 75 40 4 A0 B5 BO B5 7O 75

Glass Content Wt %

Glass Content Wt %

Glass Content Wt %
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0.005

0.004+

0.003+

0.002+

dLiL,

0.001+

0.0004

0 200 400 600 800
Temperature (°C)

Fig. 6. Classic thermal dilatation curve for a sanitary-ware ceramic body over
the range 25-820°C.

has a smaller value of acps. The negative sign of a3 confirms
a tendency to reduce the dilatation of a sanitary-ware body as
size of the quartz grains increases. We believe such behaviour
may be ascribed to the interface between the quartz and the
glass matrix, which may act as a “cushion”, partially compen-
sating for the dilatation of quartz, the most expansive of the
minerals occurring in the ceramic body. This mechanism might
be enacted through detachments of the glassy matrix from the
quartz surface, and/or complex micro-structural arrangements
of the glass phase in the vicinity, both favoured by the large
continuous surfaces of big quartz grains.

t; affects the volume thermal expansion via the o -coefficient,
suggesting that increased firing time leads to a more expansive
body. The longer #r, the lower the quartz content. This is again
in conflict with the commonly held notion that thermal dilata-
tion is mainly controlled by the amount of quartz, and supports
the hypothesis that micro-structures in the amorphous matrix,
dependent on the firing duration, significantly affect ogjass, in
keeping with.23-26

Table 5

Glass thermal expansion coefficient, according to Eq. (3) of the text.

25-550°C oo <3} o) o3 (tglass)
(x1076°C™1) (x1076°C™1) (x1076°C™1) (x1076°C™1) (x1076°C71)

Coefficient value 6.711 0.041 0.071 —0.147 6.36

Contribution % to the total a-value 105 25 43 —175 -
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a function of dsg.

4. Conclusions

. The process parameters #—Tt—ds5o have a remarkable role in
affecting the evolution of the phases, as shown by the slopes
of the phase-content versus firing-time curves, reported in
Table 3.

. In general, the SM series (i.e. quartz dsp ~ 18 wm) exhibits
a higher rate of phase-transformation than S2 (quartz
dsp ~ 50 wm).

. A tendency to develop secondary mullite upon increasing Tt
and f¢ is seen in keeping with the complete collapse of the
feldspar structures.

. The size of the quartz grains affects the water absorption
coefficient: the finer dsq (for the same ¢ and T¥), the smaller
WA.

. tr is a crucial parameter in the promotion of vitrification;
decreasing water absorption follows increasing ;.

. The volume thermal expansion coefficient of glass is sig-
nificantly affected by ds, to a lesser extent by #, and in a
minor way by Tf, within the scope of the range of the pro-
cess parameters space examined. The average ogjass-value
measured is 6.36 x 107 °C~!, corresponding to an average
linear thermal expansion coefficient of 2.07 x 1076 °C ~1.
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