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Microstructure, chemistry, elastic properties
and internal friction of Silceram glass—ceramics

S. CARTER, C. B. PONTON, R. D. RAWLINGS, P. S. ROGERS
Department of Materials, Imperial College, London SW7 2BP, UK

The temperature dependence of both Young's modulus (£) and internal friction (Q™") from
room temperature to ~ 700° C has been determined by Forster's forced-resonance method for
three Silceram glass—ceramics, produced by the direct controlled cooling of glass melts in the
quaternary system CaO-MgO-Al,0;-Si0O,. These results are correlated with microstructural
and phase chemistry data as well as calculated viscosity against temperature data. In particular,
the viscosity of the residual glass is shown to predominate over its volume fraction in deter-
mining the temperature dependence of £ and Q' for a given Silceram. A simple model which
enables the residual glass content of Silceram glass-ceramics to be estimated from a know-
ledge of the proportions of silicon, iron and magnesium in the corresponding glass melts is
also proposed. Furthermore, the room-temperature bulk modulus (K) and Poisson’s ratio of
two Silceram glass-ceramics are calculated using experimental £ and shear modulus (G)
values obtained using both Forster's method and another forced-vibration technique.

1. Introduction

Silceram glass—ceramics were developed as erosion-
and abrasion-resistant materials. They are produced
by direct controlled cooling of aluminosilicate melts
made from either pure components or waste materials
such as iron blast-furnace slag [1-4]. The principal
oxide components in the melt are CaO, MgO, AL, O,,
Si0,, and iron oxides. Smaller quantities of chromium
oxide are also present, and play a fundamental role in
controlling the nucleation of crystals during the con-
version from melt to glass—ceramic. This direct con-
trolled cooling process is more economical [2-4] than
the conventional glass—ceramic process, which involves
two-stage re-heating of the parent glass to the optimum
crystal nucleation and crystal growth temperatures.

Silcerams were initially designed for application at
room temperature, and consequently attention has
to date concentrated on the determination of their
properties at this temperature. In particular, a study of
the room-temperature mechanical properties, e.g.
fracture toughness, fracture strength and hardness,
has recently been completed [4]. During this study it
became apparent that, in order to better understand
the mechanical behaviour of the Silcerams, more
detailed information on the microstructure and
chemistry of the constituent phases would be required.
Furthermore, it became obvious that there is consider-
able scope for diversifying the uses of Silcerams, and
hence a knowledge of their mechanical behaviour at
elevated temperatures would be desirable. For these
reasons work on these topics was instigated.

This paper reports the results of an investigation,
using electron microscopy, of the chemistry and
microstructure of three Silcerams and correlates these
results with the temperature dependence of both the
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Young’s modulus and the internal friction. The inter-
nal friction of materials other than metallic and poly-
meric has not been widely studied, and to the authors’
knowledge this is the first report on a glass—ceramic.

2. Experimental procedure

Three Silcerams, designated SCR25-76, SCR19-34
and SCF5, were used in the investigation. SCR25-76
and SCR19-34 were produced in 50 to 100 kg batches
at a pilot plant, the former from iron blast-furnace
slag, colliery shale and supplemental pure oxide com-
ponents, and the latter from pure oxide and carbonate
components [2-4]. SCF5 was made in the laboratory
in 100 g melts using pure oxide and carbonate com-
ponents [2-4]. In addition, a low-iron-content Sil-
ceram (SCR25-74) was deliberately produced at the
pilot plant in order to ascertain the effect of iron
content on the amount of residual glass. Furthermore,
a poorly crystallized pilot-plant material (SCR19-13)
was chosen for comparison with SCR25-76, SCR19-
34 and SCFS5 as regards the Young’s modulus.

The microstructural investigation was conducted
on specimens polished to a 1 um surface finish, etched
in 2% aqueous HF, vacuum-coated with gold and
examined in a Jeol T200 scanning electron microscope
(SEM). The proportions of the crystalline (pyroxene)
and vitreous phases were determined by image analy-
sis of the SEM micrographs using a Bausch and Lomb
Omnicon TM3000 computer-based image analyser.
Bulk chemical analyses were carried out on polished
and carbon-coated specimens analysed using a Jeol
JSM-35CF SEM equipped with energy-dispersive
X-ray analysis (EDAX) facilities. The chemical com-
positions of the residual glass and the pyroxene crys-
talline phases were also determined using EDAX, but
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in this case transmission electron microscopy (TEM)
was employed. The thin samples required for TEM
were prepared by ion-beam thinning and examined in
a Jeol JEM-120CX scanning transmission electron
microscope.

The elastic property and internal friction data were
obtained using two forced-vibration techniques. Both
techniques involved the forced vibration of straight
bar specimens of uniform rectangular cross-section
with the ends free, i.e. the so-called ‘“free—free” vibra-
tion mode. The main experimental technique was used
to determine (a) the Young’s modulus and internal
friction at both room and elevated temperatures,
and (b) the room-temperature shear modulus. The
subsidiary method was only employed for room-
temperature Young’s and shear-modulus measure-
ments. The experimental arrangement for the main
method was due to Forster [5] and involved horizon-
tally suspending the specimen on two flexible fibre or
wire supports from the exciting and detecting trans-
ducers. An elliptical focusing radiation furnace, based
on the design of Lytton et al. [6], was used to obtain
the elevated temperatures. The apparatus could be
evacuated in order to minimize oxidation of the
polished surfaces of the furnace and to reduce air-
damping of the specimen vibrations. The subsidiary
technique involved clamping the specimen at the
nodes using two pairs of opposing knife-edges, and
exciting and detecting resonance using rigid driver and
pick-up probes in direct contact with the specimen
surface. This apparatus was not designed for work
under vacuum nor for work at elevated temperatures.

The rectangular cross-section specimens used to
determine the Young’s modulus, £, had nominal
dimensions of 80mm x 12mm x 3mm and were
hung from loops in the flexible fibre or wire supports.
The equation used to calculate E from the funda-
mental flexural resonant frequency, fr, was [7]

LY [ M\
0.94642 (7> (F)f,u A (1)

where L, b, t and M are the specimen length, width,
thickness and mass, respectively, and A4 is a correction
factor which is a function of Poisson’s ratio, v, and the
thickness-to-length ratio, ¢//. The Young’s modulus
was measured as a function of the position of the
supports in air and under vacuum at room tempera-
ture, and as a function of temperature under vacuum.

Similar rectangular cross-section specimens were
used for the shear-modulus measurements, but with
the thickness reduced to 1.4 mm. When using the main
technique, torsional vibrations were induced by gluing
the support fibres to each thin side of the specimen
at the flexural nodes such that they were diagonally
opposed. In contrast, the specimen was clamped at the
torsional node when employing the subsidiary method.
The shear modulus, Gy, which was measured only at
room temperature, was calculated from the funda-
mental torsional resonant frequency, f;, using the
equation [8, 9}

E =

Ge
Gu = 1+ C @

where C is an empirical correction factor dependent

on the width-to-thickness ratio, b/7, and Gg is the
experimental shear modulus given by the theoretical
approximation [10]

Ge = SM f} (3)

where M is the specimen mass and S a shape factor.

The internal friction, Q~!, was calculated from the
resonance peak obtained in the fundamental flexural
vibration mode using [11, 12]

-1 __fU_fL
Q" = Ea 4)

where 1|, and f; are the driven frequencies above and
below f;, respectively, at which the vibrational ampli-
tude is half the maximum value.

3. Experimental results
3.1. Composition, microstructure and
viscosity calculations
The microstructures of the Silcerams are shown in
Figs 1 to 6. The pyroxene phase in the laboratory
material (SCF5) has a well-developed dendritic struc-
ture (Fig. 1). The backbone of the dendrites reached
a length of 30 um, whereas the dendrite arm-length
and arm-width did not exceed 10um and =1 pum,
respectively.  Neighbouring - dendrites were inter-
meshed, resulting in an almost continuous pyroxene
network which extended throughout the sample. The
SCF5 material was the most crystalline with a residual
glass content of only 18 4+ 5% by volume. The
pyroxene crystals in the pure oxide pilot-plant Sil-
ceram (SCR19-34) were much finer and less dendritic
(Fig. 2), and their more equiaxed shape, coupled with
the greater residual glass content of SCR19-34 (42 +
2vol %), meant that the pyroxene crystals were discrete
rather than intermeshed. The microstructure of the iron
blast-furnace slag based material (SCR25-76) was the
least dendritic (Fig. 3), and in places tended towards
euhedral morphology. The pyroxene phase was homo-
geneously distributed throughout the glass matrix and
had a crystal size of 3 to 8 um. The residual glass
content was 29 + 3vol%. The microstructure of
SCR25-74 (Fig. 6) was very similar to that of SCR25-
76 except for a slightly larger grain size of ~ 10 um
and a glass content of 37 + 3vol %. The poorly crys-
tallized SCR19-13 material (Figs 4 and 5) had a glass
content of 70 + 8vol %.

The results of the chemical analyses of the bulk
materials are given in Table I, while the chemical
analysis results for the pyroxene and residual glass
phases in SCR25-74, SCR25-76, SCR19-34 and SCF5
are presented in Table II. The bulk composition data
show that the SCR25 samples are less siliceous and
contain more CaO and slightly more ALO; than
SCR19-34, whilst the MgO content remains approxi-
mately constant. SCR25-74 is significantly lower in
iron than SCR25-76 and SCR19-34. The laboratory
material SCF5 is very high in both SiO, and MgO
compared to the outer samples; however, its Fe,O,
and CaO contents are relatively low. Comparison of
the compositions of the pyroxene and residual glass
phases indicates that the residual glass was higher in
SiO, and Al,O,, while almost all the MgO and Fe,O;
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Figure 3 SEM micrograph of SCR25-76 microstructure.

was contained in the pyroxene phase. The CaO con-
tent of the residual glass was either similar to that of
the pyroxene phase as in the SCR25 samples, or less
than that of the pyroxene phase as in the SCR19-34
and SCF5 samples. The pyroxene and residual glass
compositions of SCR19-13 were also analysed; the
glass was analysed as a function of distance from the
pyroxene phase, i.e. adjacent to the crystal-glass inter-
face (e.g. Area 1 in Fig. 5), further away from the

2624

Figure 5 SEM micrograph of SCR19-13 showing the three areas
(arrowed) of residual glass representative of the areas chemically
analysed by EDAX of thin-foil samples using TEM.

Figure 6 SEM micrograph of SCR25-74 microstructure.

interface (e.g. Area 2 in Fig. 5), and far away from any
interface (e.g. Area 3 in Fig. 5). The results are given
in Table III.

The method of Urbain et al. [13] was used to cal-
culate the viscosities of both the melts of the bulk
compositions and the corresponding residual glasses.
Both the changes in viscosity of SCR25-74, SCR25-
76, SCR19-34 and SCF5 during crystallization at
950° C and the temperature ranges of the dilatometric



TABLE I Chemical compositions of the Silcerams

Oxide Sample

SCFS5 SCR19-34 SCR25-76 SCR25-74
Normalized content (wt %)
Si0, 56.4 52.8 48.3 48.8
TiO, 0.2 0.3 0.6 0.5
AlLO, 13.2 12.5 3.3 13.5
Cr,0, 0.7 0.8 0.8 1.0
Fe,0, 2.8 4.6 4.0 2.3
MnO - 0.1 0.4 0.5
MgO 9.7 5.9 5.7 59
CaO 16.3 20.1 24.7 25.3
Na,O 0.4 2.8 1.2 1.3
K,O 0.4 0.1 1.1 1.0
Content of mono-cationic oxide (mol %)
Si0, 523 49.0 451 45.3
TiO, 0.1 0.2 0.4 0.3
AlO; 14.4 13.7 14.6 14.8
CrO, 5 0.5 0.6 0.6 0.7
FeO, [.9 3.2 2.8 1.6
MnO - 0.1 0.3 04
MgO 13.4 8.2 7.9 8.2
CaO 16.1 20.0 24.7 252
NaOg 5 0.7 5.0 2.2 2.3
KOs 0.5 0.1 1.3 1.2

softening points of the residual glasses were estimated
from the corresponding calculated viscosity agamst
temperature data (Table I'V). The dilatometric soften-
ing point (7},) is the temperature at which the viscosity
is in the range 10" to 10" Pasec and the thermal
expansion is counteracted by viscous flow when the
thermal expansion is measured by dilatometry (see
{14] for example).

3.2. Mechanical properties

The shear-modulus values obtained in air by the hori-
zontal clamping method and under vacuum by the
suspension technique were in good agreement (Table
V). As regards the Young’s modulus, it was found
that the suspension position, atmosphere (Fig. 7) and
exciting amplitude had a negligible effect on the value
obtained by the suspension technique; consequently
the mean E values from all the data regardless of
suspension position and atmosphere are presented in
Table V, together with the mean E values determined
by the horizontal clamping method. The mean E
values from the clamping technique are in reasonable
agreement with those from the suspension method for
SCR25-76 and SCF5, but there is a discrepancy of
some 7% in the case of SCR19-34. The Poisson’s ratio

TABLE Il Composition (wt %) of pyroxene crystals (PX) and
residual glass (RG) in the Silcerams

SCF5 SCR25-74
PX RG PX RG PX RG PX RG

Oxide SCR19-34 SCR25-76

SiO, 522 661 470 580 456 532 473 534
TiO, 0.4 0.4 0.2 1.1 1.0 0.5 0.8 0.5
ALO, 9.6 18.0 83 151 107 166 107 149
Cr,0, 0.7 1.0 1.0 0.2 1.7 0.1 1.3 0.3
Fe,0, 4.0 1.1 8.7 2.5 6.3 1.1 43 09
MnO 0.1 0.1 0.1 0.1 0.7 0.3 0.5 0.6
MgO 129 1.3 100 1.3 7.7 0.1 9.2 0.4
CaO 19.3 100 244 193 254 255 254 263
Na,O 0.5 [.1 0.4 2.0 0.7 0.3 0.3 0.6
K,0 0.2 0.9 Tr 0.3 0.3 22 0.2 2.1

TABLE III Composition (wt%) of the crystalline phase of
SCR19-13 and its residual glass as a function of distance from the
glass—crystal interface

Oxide Crystal Residual glass*
{ 2 3

Sio, 47.4 61.9 55.6 52.1
TiO, 0.1 1.2 0.8 0.9
ALO, 7.7 15.8 15.2 12.3
Cr,0, 0.7 0.6 0.6 0.5
Fe,0, 8.1 1.7 4.1 4.0
MnO 0.0 0.0 0.0 0.2
MgO 10.2 1.7 4.1 4.0
CaO 25.8 12.8 15.7 25.0
Na,0 0.0 3.1 3.8 0.9
K,O 0.1 1.2 0.2 0.1

*(1) Residual glass adjacent to the interface from an area such as
Area 1 in Fig. 5; (2) residual glass near the interface (but further
away than Case 1) from an area such as Area 2 in Fig. 5; (3) residual
glass far from the interface from an area such as Area 3 in Fig. 5.

(v) values and the previously presented E values for
SCR25-76 and SCR19-34 were calculated iteratively
on a computer using the respective shear moduli and

Equations 1 and 5:

E
Vo= g (5)

The Poisson’s ratio so obtained, and values for the
bulk modulus calculated assuming linear elastic and
elastically isotropic behaviour [15], are also given in
Table V.

The internal friction was not affected by a factor-of-
five change in the exciting amplitude. In contrast to
E, however, Q' varied markedly with suspension
position and generally the values under vacuum were
slightly lower than those in air (Fig. 8). The position
dependence of @' was in accordance with the theory
proposed by Wachtman and Tefft [16] and is demon-
strated by the good fit of the theoretical curve for
SCR25-76 in air to the experimental data (Fig. 9).

The Young’s modulus at a test temperature 7 above
room temperature was corrected for the change in
specimen dimensions due to thermal expansion by use
of the equation {17}

Yy 1

w=w(z)smr O
where M is the elastic modulus at temperature 7, My
the elastic modulus at room temperature, f the resonant
frequency at 7, fy the resonant frequency at room
temperature, « the average linear thermal expansivity
of the material from room temperature to T, and AT
the differential temperature. As the correction for
thermal expansion is not very sensitive to the value for
o, the x value for SCF5 between room temperature
and 800°C of 7.5 x 107 K~! [2] was used for all the
Silcerams. The Young’s modulus was determined as a
function of temperature with the specimen suspended
at 6, 8, and 10mm outside the nodes and the results
normalized to the room-temperature value at the com-
mencement of a run. This procedure produced a single
curve for the temperature dependence of a given Sil-
ceram as shown in Fig. 10. The Young’s modulus of
each of the Silcerams is a linear function of tempera-
ture up to a temperature characteristic of a particular
Silceram, at which point E begins to decrease non-
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TABLE IV Calculated viscosity (1) at 950°C and the dilatometric softening point (7,,) range of the residual glass of Silceram glass~-
ceramics

Property Sample

SCF5 SCR19-34 SCR25-76 SCR25-74
log (bulk n)* 3.0 2.8 2.5 2.6
log (resid. glass n)* 6.3 44 39 3.5
A log n* 33 1.6 1.4 0.9
T, COf 630 to 680 430 to 520 440 to 480 410 to 450
*log n at 950° C where # is the viscosity in Pasec;
Ty = 10" to 10" Pasec.
TABLE V Room-temperature elastic constants for Silceram glass—ceramics
Sample G (GPa)* E(Gpa)* K(GPa) v

S C S C

SCR25-76 49.7 49.3 121.7 + 1.5 118 + 8 73 0.23
SCR19-34 47.7 47.8 1150 + 0.2 107 + 4 65 0.21
SCF5 - - 120.6 + 0.91 121 + 7%
SCR19-13 - - 100.6

*S = suspension technique value, C = horizontal clamping technique value.

¥ Calculated assuming v = 0.25.

linearly. Table VI gives the parameters of the linear
equation

E = a+ bT (7)

and the characteristic temperature T as determined
by computer analysis.

The internal friction could not be measured to such
high temperatures as the Young’s modulus because
either (i) although the resonant frequency could be
detected, the amplitude at resonance was barely above
the background amplitude and consequently the
width of the resonance peak at half maximum ampli-
tude could not be measured, or (ii) the resonance peak
was asymmetrical, presumably due to a spurious
resonance of the system. Even though Q' varied with
suspension position, normalizing to the appropriate
room-temperature value yielded a single temperature-

dependent curve for each Silceram, albeit with a
greater scatter than the Young’s modulus data. From
the normalized curves of Fig. 10 it can be seen that
Q' at first increases gradually in a linear manner with
temperature and then begins to rise more rapidly. The
temperature at which Q' begins to rise rapidly (Ty)
increases in the order SCR25-76, SCR19-34, SCFS5,
which is the same sequence shown by the characteris-
tic temperature of the Young’s modulus curves. For a
given Silceram, however, T is much higher than T,
(see Table VI).

4. Discussion

4.1. Residual glass

As the residual glass plays an important role in deter-
mining the properties of glass—ceramics, it would be
useful to be able to estimate the residual glass content
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Figure 7 Graph showing that the typical dependence of the funda-
mental flexural resonant frequency on the suspension position (®)
in air and (M) under vacuum is small, and so will have a negligible

effect on the calculated value for Young’s modulus.
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Figure 8 Typical plot of internal friction as a function of suspension
position (®) in air and (M) under vacuum, showing that it is generally
lower under vacuum.
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Figure 9 Internal friction data for a specimen of SCR25-76 in air
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dependence proposed by Wachtman and Tefft [16).
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from the composition of the melt. A simple analysis is
proposed whereby the residual glass content in the
Silcerams under investigation may be estimated from
the proportions of silicon, iron and magnesium in the
melt.

The bulk compositions of the melt are very close to
pyroxene compositions and, in theory, nearly all the
material could be used to form pyroxenes. In practice,
however, varying amounts of residual glass were
formed in the four materials SCF3, SCR25-76,
SCR25-74 and SCR19-34, all of which had been
produced under similar melting and heat-treatment
schedules. The composition of pyroxenes can be
expressed in the following form (see {18] for example):

Ca,_,(Mg, Fe),,(Si, Al),O4

where a wide range of ionic substitution is possible

436°C

551°C 626°C

TABLE VI The parameters in the equation £ = a + b7, the
characteristic temperature 7, at which the linear dependence of £
breaks down, and the onset temperature T, at which the internal
friction Q™' begins increasing in a strongly non-linear manner

Sample a (Pa) bPaCO) ") T (°C) To(°C)
SCR25-76  122.8 x 10° —1.90 x 107 436 ~250
SCR19-34 1147 x 10° —1.53 x 107 551 ~430
SCFs 1213 x 10°  —1.06 x 107 626 ~ 550

between the following end-members:

CaMgSi, O diopside
CaFeSi1,0q hedenbergite
MgSiO, enstatite
FeSiO, ferrosilite

In these pyroxenes, calcium can be further substituted
by sodium, while aluminium can substitute for up to
10mol % Si in the SiO, tetrahedra as well as entering
the magnesium and iron positions to form an alumin-
ous component, known as tschermakite, which has the
formula CaAl,SiO;. The partitioning of aluminium
between the melt and the pyroxene as it crystallizes is
complex and is affected by factors such as tempera-
ture, pressure, and variations in the composition of
the melt.

Previous X-ray studies [4] showed that the pyroxenes
formed in these materials are close to diopside.
Chemical analyses confirmed this and also indicated
that between 6 and 12mol % of tschermakite was
present in the diopside solid solution. In addition,
small amounts of enstatite were observed in SCF5.
Analyses of the residual glasses of the materials indi-
cated that only very small amounts of magnesium and
iron were present in the glass; nearly all the mag-
nesium and iron was present in the pyroxenes (see
Table II).

The proposed analysis relates the residual glass con-
tent to the excess of silica in the melt over that
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Figure 10 Graph of the normal-
ized Young’s modulus (£/E;) and
normalized internal friction (Q~!/
07') of (1) SCR25-76, (2) SCRI9-
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34 and (3) SCFS as a function of
temperature.
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required for pyroxene formation. The following
assumptions were made:

(a) the pyroxene compositions were near the diop-
side-hedenbergite solid solution (i.e. the enstatite and/
or ferrosilite content must be small);

(b) the partitioning of aluminium between the melt
and the crystalline phase is broadly similar, and

(c) all the samples were produced under the same
melting and heat-treatment conditions.

These assumptions are reasonable in the case of the
present materials which covered a limited range of
melt compositions, with nominally the same amount
of ALO, (x 12 to 13wt %), and had similar thermal
histories. In these circumstances, as nearly all the
magnesium and iron was present in the pyroxenes, the
molar sum of (Mg + Fe) in the bulk analysis can be
used to estimate the number of moles of silica required
for pyroxene formation. The nature of the pyroxene
formula is such that

> moles(Ca + Mg + Fe) =

and that
moles(Ca) < Y moles(Mg + Fe) (9)

moles(S1)  (8)

Since the pyroxenes in the present study are basically
of diopsidic composition, it is assumed that

moles(Ca) = > moles(Mg + Fe) (10)

and that the number of moles of silicon, and hence
Si0,, needed for pyroxene formation can be estimated
as

moles(Si) = 2 ) moles(Mg + Fe)  (11)

The remaining silica in the melt composition is con-
sidered to be the excess silica forming the residual
glass. As shown in Fig. 11 and Table VII, the excess
Si0, correlates well with the volume fraction of resi-
dual glass estimated by the image analyses despite the
fact that the effect of Al,O, has not been taken into
account. However, further data are needed to confirm
whether or not Fig. 11 could be used to estimate the
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Figure 11 Graph illustrating the linear relationship between the
excess silica in a Silceram melt and the volume fraction of residual
glass.

2628

TABLE VII Volume fraction of residual glass and excess silica
in Silceram glass—ceramics

Property Sample

SCF5 SCRI19-34  SCR25-76 SCR25-74
Residual glass 18 £ 5 42 +2 29 +3 3743
(vol %)
Excess SiO, 217 26.2 237 257
(mol %)

amount of residual glass directly from the melt com-
positions over a wider range of compositions and
production procedures.

4.2. Crystal morphology

The difference in morphology of the pyroxenes is
attributed to the concentration and viscosity gradients
established within the material during crystallization.
As pyroxene crystallizes, the areas adjacent to the
crystal-glass interface become depleted in magnesium,
iron and, in some cases, also in calcium, e.g. SCF5 and
SCR19-34. This can be seen from the analyses of the
glass in the poorly crystallized sample SCR19-13 (see
Table I1I); the areas adjacent to the crystals are more
siliceous than those further away. The relative scarcity
of modifying elements results in the siliceous regions
near the interface being of higher viscosity. Such con-
centration and viscosity gradients destabilize the inter-
face. According to Kirkpatrick [19] and Weston and
Rogers [20} an unstable interface is formed when the
crystal can grow faster further away from the interface
than near it. It follows that any small perturbation on
the growth front can quickly grow away from the rest
of the crystal. Hence stable interfaces are charac-
terized by flat planar surfaces, and as the degree of
instability increases, the stable width of a flat crystal-
melt interface surface decreases; i.e. with progressively
increasing interface instability the morphology changes
from euhedral to skeletal grains, then to dendritic
grains, and finally to spherulitic grains.

This was confirmed by Kirkpatrick [19] and
Donaldson et al. [21] who described the dependence of
crystal morphology on the degree of undercooling and
on the rate of cooling, respectively. The degree of
instability is given by the ratio of diffusion rate to
growth rate; the lower the ratio, the greater the
interface instability. The ratio decreases with increas-
ing undercooling or increasing cooling rate. This is
because diffusion rates decrease with decreasing tem-
perature and increasing viscosity, whereas the corre-
sponding crystal growth rate increases initially and
later decreases, although less rapidly than the dif-
fusion rate. It has been found that at small undercool-
ings [19] (i.e. temperatures just below the liquidus
temperature) or at slow cooling rates [21] euhedral
tabular crystals were formed. As the degree of under-
cooling increased or as the cooling rate increased, the
crystals became skeletal in form. Dendrital morphol-
ogy was attained at even higher undercoolings or
cooling rates, and eventually spherulitic crystalliza-
tion occurred at very high undercoolings or cooling
rates.

These same concepts may be applied to the crystal



growth which occurs during the isothermal heat-treat-
ment of Silcerams. During isothermal heat-treatment
the diffusion rate near the crystal-glass interface
would be reduced due to the higher viscosity of the
siliceous layer. Therefore the crystal can grow faster
further away from the interface where also the con-
centration of modifying elements (magnesium, iron,
calcium) necessary for the crystallization of the pyr-
oxene 18 higher. Hence the greater the concentration
and viscosity gradients, the more unstable is the inter-
face and the more dendritic are the crystals.

The pyroxene morphologies in the Silcerams are
consistent with this supposition. The greatest concen-
tration and viscosity gradients would have been estab-
lished in samples with the largest difference between
the bulk composition and the residual glass compo-
sition. Thus the smallest concentration and viscosity
gradients would be achieved in SCR25-76 and SCR25-
74, and consequently their microstructures consisted
of subhedral grains, tending in parts towards euhedral
morphology, with relatively large, flat crystal-glass
interfaces. The greater concentration and viscosity
gradients in SCR19-34 resulted in a greater degree of
dendritic growth, whilst the highly dendritic micro-
structure of SCFS5 is associated with the greatest con-
centration and viscosity gradients.

4.3. Mechanical properties

The room-temperature elastic properties of the Sil-
ceram glass—ceramics compared very well with those
of other glass—ceramics, as shown in Table VIII,
especially in view of the relatively high volume frac-
tions of residual glass in SCR19-34 and SCR25-76.
The temperature dependence of the Young’s modulus
of the Silceram glass—ceramics will be discussed
in conjunction with the temperature dependence of
the internal friction. The viscosities of the residual
glasses of the Silcerams SCF5, SCR19-34 and SCR25-
76 decrease in the order SCF5 > SCRI19-34 >
SCR25-76 and the mid-band dilatometric softening
temperatures are 655, 500 and 460° C, respectively (see
Table IV). This sequence is also followed by the
characteristic temperature (7.) which indicates the
empirical upper limit of the linear temperature depen-
dence of the Young’s moduli of the Silcerams (see
Table VI). Furthermore, the T values are all within
50°C of the corresponding mid-band dilatometric
softening temperatures.

The volume fraction of residual glass decreases in
the order SCR19.13 > SCR19.34 > SCR25.76 >
SCF3; this order correlates inversely with the room-
temperature elastic constants but bears no relationship
to the observed 7. and T, values. Thus the viscosity of
the residual glass appears to dominate the effect of the
volume fraction of residual glass on the temperature
dependence of the Young’s modulus. This is illus-
trated by the fact that although the room-temperature
Young’s modulus of SCR19-34 is lower than that of
SCR25-76, the relative decrease in Young’s modulus
with increasing temperature is less and the linear
dependence maintained to a higher temperature
(110° C higher) than that of SCR25-76 (see Table VI).
Note that the lower volume fraction of higher-viscosity

TABLE VIII Room-temperature elastic properties of Sil-
cerams in comparison with other glass—ceramics*

Glass—ceramic E (GPa) G (GPa) K (GPa) v

SCR25-76 122 50 73f 0.23
SCR19-34 115 48 65t 0.21
SCF5 121 - - -
SCR19-13 101 ~ - -
Pyroceram C9606 (Corning)¥ 120 - - 0.24
Pyroceram C9608 (Corning)f 88 - - 0.25
EE 1087 (GEC Ceramics Ltd) 92 37 . 0.245
Zerodur (Schott)? 84 - - -

*All comparative data are typical room-temperature values after
Morrell [25].

*Calculated values.

fCommercial trade names.

residual glass in SCF5 endowed it with the best overall
mechanical behaviour, i.e. room-temperature and
refractory behaviour.

An early study by Wachtman and Lam [22] of the
temperature dependence of the Young’s modulus and
internal friction of single and polycrystalline alumina,
as well as other refractory ceramics, using Forster’s
technique found that within experimental limits,
the internal friction of single-crystal alumina (i.e.
sapphire (99.9% Al,0;) and ruby (99.25% ALO; +
0.75% Cr,0,) was essentially independent of tem-
perature up to the highest temperature of measurement
(1400 and 1700° C for sapphire and ruby, respectively).
It was also found that the internal friction of poly-
crystalline alumina varied little between room tem-
perature and 800°C, but increased rapidly above
800°C. The scatter in the data from successive tests
was such that no curve of internal friction against
temperature above 800° C could be plotted; the drastic
reduction in the vibrational amplitude at resonance
due to the increase in internal friction established
the maximum temperature at which the resonant fre-
quency, and hence the internal friction, could be
reliably measured. Furthermore, Wachtman and Lam
found that the rapid increase in internal friction at
high temperatures was accompanied by a rapid non-
linear decrease in Young’s modulus for all the poly-
crystal ceramics studied; this behaviour was attributed
to grain boundary sliding.

The temperature dependence of the Young’s modu-
lus and internal friction of polycrystalline yttrium
oxide (Y,0,) from room temperature to 1658°C has
been investigated by Marlowe and Wilder [23]. They
found that the Young’s modulus decreased rapidly,
in a non-linear manner, with increasing temperature
between 1350 and 1658°C, and was accompanied by
a rapid increase in the internal friction. Furthermore,
the internal friction did not decrease with increasing
temperature to its former level; Marlowe and Wilder
concluded that the temperature of the peak of the
internal friction curve was probably not reached. This
rapid decrease in E and the concomitant rapid increase
in internal friction at high temperatures was analogous
to the general behaviour of the polycrystalline ceramics
investigated by Wachtman and Lam {22], e.g. for
alumina between 800 and 1200°C.

A recent study of the temperature dependence (to
650 or 800° C) of the Young’s modulus and internal
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friction of partially stabilized zirconia (3mol %
Y,0, + Zr0,), alumina, and silicon nitride [24] found
that the internal friction of alumina was relatively
constant up to the maximum test temperature of
650° C (supporting the results of Wachtman and Lam
[22]), while that of silicon nitride increased between
750 and 800° C (the maximum test temperature) which
was attributed to the softening of the vitreous grain
boundary phase deriving from the additive (3wt %
MgO) used to promote pressureless sintering. The
internal friction of the partially stabilized zirconia
increased rapidly with temperature up to a maximum
at 200° C and then decreased rapidly with increasing
temperature up to 400° C, and was thereafter similar
to the room temperature value. The peak in the internal
friction at 200° C coincided with an inflection in the
Young’s modulus against temperature curve, which
decreased non-linearly with temperature up to 400°C
but thereafter decreased linearly up to 650°C. The
internal friction peak was suggested as possibly being
due to twin motion in monoclinic ZrQ, or the bowing
of dislocations.

In summary, the bulk of the literature data on the
temperature dependence (above room temperature) of
the internal friction and Young’s modulus in various
conventional polycrystalline ceramics (i.e. not yttria-
stabilized zirconia) such as alumina, magnesia, silicon
nitride and so on, indicate that the rapid, non-linear
decrease in the Young’s modulus which usually occurs
at elevated temperatures is accompanied by a rapid
increase in the internal friction, which has been gener-
ally attributed to grain boundary sliding. The reasons
for attributing this behaviour to a grain boundary
energy-dissipation mechanism are as follows:

(a) Wachtman and Lam [22] found that no change
occurred in the temperature dependence of the
Young’s modulus of single-crystal alumina (from
linear to non-linear) at =~ 950° C as observed for poly-
crystalline alumina.

(b) Furthermore, the internal friction of single-
crystal alumina was essentially independent of tem-
perature both above and below 950° C, unlike that of
polycrystalline alumina which increased extremely
rapidly with temperature above 950°C.

In the Silceramr materials SCF5, SCR19-34 and
SCR25-76, the rapid non-linear decrease in the
Young’s modulus and the rapid increase in the internal
friction (starting at a lower temperature, Ty, than the
characteristic temperature, 7, at which the tempera-
ture dependence of the Young’s modulus became non-
linear; see Table VI) correlated reasonably well with
the estimates of the dilatometric softening-temperature
bands of the intergranular residual glass. At elevated
temperatures, the residual glass is anelastically
strained under the action of the imposed periodic
flexural stress due to its lower viscosity, and hence
its tendency to flow. This time-dependent strain
response is manifested as markedly higher internal
friction at clevated temperatures, particularly at tem-
peratures above the dilatometric softening point of the
residual glass.
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