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Mechanical properties and thermal expansion
behaviour in leucite containing materials

TZER-SHIN SHEU, W. J. O'BRIEN*, S. T. RASMUSSEN¥*,

TSENG-YING TIEN

Department of Materials Science Engineering, School of Engineering, and *Department of
Biologic and Materials Sciences, School of Dentistry, The University of Michigan, Ann Arbor,

M1 48109, USA

The effect of a change in sodium content and thermal history on a leucite composition
material produced by a coprecipitation process was studied. Five materials with formulae of
(K1 —-Na,) 20+ Al,0,-4Si0, (x=0.0, 0.2, 0.4, 0.6, 0.8) were investigated for differences in
phases, thermal expansion, and strength. Strengths of up to 175 MPa were obtained for a
leucite composition material (x = 0.0). Sodium was effective in lowering the thermal
expansion coefficients of these materials. Leucite was linked to higher flexural strengths, but
was present only in those specimens which were sintered at 1200 °C. Leucite was not present
in those specimens sintered at 1100 °C or lower. Porosity was present in all specimens

sintered at 1000 °C or higher.

1. Introduction

The public’s desire for aesthetic restorations has been
a strong motivating force for the development of
ceramics for use as crowns and bridges. While tradi-
tional ceramic-metal crowns and bridges are aesthetic
and the most long-lasting of the full-coverage restora-
tive materials, all-ceramic crowns are generally more
aesthetic. Unfortunately, current all-ceramic crowns
are susceptible to mechanical failure [1-3]. Dental
ceramics with flexural strengths in the range
140-150 MPa can be used for anterior crowns and
give an adequate clinical success rate. However, when
used for posterior crowns the failure rate (15.2% over
7 years) is unacceptable [3]. McLean [3] has hypo-
thesized that strengths as high as 500 MPa may be
required of ceramics used for all-ceramic posterior
crowns. The strongest ceramic currently in use has a
flexural strength of 152 MPa [4]. Consequently, there
is a need to develop stronger dental ceramics for use in
posterior crowns.

Leucite—glass composites are likely candidates for
new stronger materials for use in posterior ceramic
crowns. Feldspar, a leucite—glass composite, is a pri-
mary component of the porcelains used in traditional
ceramic—metal restorations [5, 6]. These porcelains
have excellent aesthetics and biocompatibility [7].
Unfortunately their strengths (90 MPa) [8] are too
low for all-ceramic crowns. Some leucite—glass com-
posites (not dental porcelains) have been found by
Rouf et al. [9] to have strengths in the range
200300 MPa. Morena et al. [10] noted that leucite
containing dental porcelain had a higher fracture
toughness than a leucite-free one (1.3 compared to
0.9 MNm ™ 32), which suggests that the presence of
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leucite can strengthen these porcelains. These findings
are consistent with the theory, proposed by Hassel-
man and Fulrath [11], that the strength of a com-
posite will increase as the volume fraction of the
dispersed phase (leucite) increases and as the particle
size of the dispersed phase decreases. Based upon this
theory, the phase diagram for leucite and silica [12],
and the cooling characteristics of leucite and its equi-
librium liquids from high temperatures [5, 6, 13, 14], it
should be possible to produce leucite—glass com-
posites with a wide range of strengths (possibly as high
as 300 MPa) [9] by varying the composition.

Leucite exists as two polymorphs. The stable form
of leucite at high temperatures is cubic (high leucite)
and as it cools there is a phase transformation to
tetragonal (low leucite) in the range 500—600 °C [3, 6,
13]. The presence of high leucite in dental porcelains is
difficult to obtain at room temperature. Mackert et al.
[6] found that high leucite was not a likely by-product
of normal multiple firings.

Despite the potential for leucite to strengthen dental
porcelains, most research has been directed at deter-
mining the effect that leucite has on the thermal
expansion coefficient of these materials, because of the
need for their coefficients to match the higher coeffic-
ients of the metal substrate. The low-temperature form
of leucite has been identified as the material respons-
ible for the high thermal expansion coefficient of
dental porcelains [5, 13, 15]. The leucite content and,
subsequently, the coefficient of thermal expansion of
these materials has been found to change with thermal
treatment [5, 13, 16]. Mackert and Evans [16] deter-
mined that various heat treatments could significantly
alter the leucite content of a dental porcelain. Rouf
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et al. [9] found the thermal expansion coefficient of
leucite to be as high as 25x 1076 °C™ 2,

It is likely that the strongest leucite—glass com-
posites will have a high volume fraction of leucite
which could lead to two major problems for dental
porcelains. First, a high volume fraction of leucite
would be coupled with a low volume fraction of the
glass phase and, subsequently, the translucency will be
low or non-existent. Translucency is an important
property for dental porcelains in order that they have
an aesthetic appearance [3]. This probiem could be
alleviated by ultrastructural processing of leucite—
glass composites using a coprecipitation technique.
This method can produce crystalline phases with di-
mensions in the 0.002-0.1 pm range which is much
smaller than is obtained by traditional methods [17].
The small size of the crystalline phase makes a
crystalline—glass composite much more translucent
because the crystalline size is smaller than the wave-
length of light [17]. Leucite—glass composites, with
high volume fractions of leucite and with the needed
translucency, could likely be produced using this tech-
nique. A second problem is that a leucite—glass com-
posite with a high volume fraction of leucite will also
have a high coefficient of thermal expansion [5, 13,
15]. The most aesthetic restorations are made with
layers of porcelains which have different amounts of
translucency and different colours [3]. Each of these
layers must have compatible coefficients of thermal
expansion in order to avoid crazing or chipping.
Traditionally, when a manufacturer wanted to reduce
the thermal expansion of a particular formulation for
a dental porcelain they melted a low thermal ex-
pansion soda (Na) glass with the original formulation
to produce a new material with a lower thermal
expansion coefficient [18].

The purpose of this investigation was to compare a
synthetic leucite (K,0 - Al,O;-4Si0,) with other ma-
terials produced by a systematic substitution of
sodium for potassium in this leucite, where all com-
pounds were produced by a coprecipitation process.
In particular, these materials were compared for dif-
ferences in phases, thermal expansion, and strength.

2. Experimental procedure

The compositions of the synthetic materials studied
are given by (K, _,,Na,),0-Al,04-4Si0, where x
= 0.0, 0.2, 0.4, 0.6, and 0.8. A coprecipitation method,
which gives ion-scale mixing of each constituent, was
used to make powders of the synthetic materials. An
acid solution was made with appropriate amounts of
AI(NO,);-9H,0 (Aldrich Chemical Co., Inc., Mil-
waukee, WI) and 99% pure Si(C,H;0), {Johnson
Matthey/Alfa Products, Ward Hill, MA) mixed with
ethyl alcohol. A base solution was made consisting of
appropriate amounts of KOH and NaOH. The base
solution was added to the acid and mixed for an hour
before NH,OH was added, drop by drop, to the
solution until it became neutral. In order for pot-
assium and sodium uniformly to coat the precipitate
surface, the mixture was continuously stirred while
drying under an infrared light. Dried powders were
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then calcined at 600°C in a platinum crucible at
atmospheric pressure for 1 h in a muffle furnace. The
calcination temperature was selected as a result of a
differential thermal analysis (DTA) and a thermo-
gravimetric analysis (TGA). The dried powders show-
ed no chemical reaction or weight loss between 700
and 1100 °C. The calcined powders were ground in an
agate jar with agate balls using a planetary mill
Pellets of 50 mm size were die-pressed from the
ground powders- and, subsequently, pressed isostati-
cally at 310 MPa. The pellets were sintered at various
temperatures for 1h at atmospheric pressure and
allowed to furnace cool. The specimens were sectioned
from these pellets for the various tests.

The phases present in the specimens at room tem-
perature were identified with an X-ray diffractometer
(XRD). Flexural strengths were determined from
specimens with dimensions of 3.0mm x 2.0 mm
x 25.0 mm. The specimens were tested at a strain rate
of 1 x10™* s~ ! using a four-point flexure fixture with
an inner span of 5 mm and an outer span of 10 mm. A
dilatometer was used to determine the sintered mater-
ials’ thermal expansion characteristics at heating and

cooling rates of 10°C min~1.

3. Results and discussion

The sintering temperature had a strong effect on the
flexural strength for materials with xy, = 0.2 (Fig. 1).
XRD showed that the specimens, which were sintered
at temperatures up to 1100 °C, had a glassy structure.
Specimens, which were sintered at 1200°C, were a
leucite—glass composite. An optical microscope exam-
ination of the specimens revealed that those sintered
at 950°C were fully dense but for those sintered at
higher temperatures porosity was evident. Most likely
the lower strengths of those specimens sintered at
1050 °C and 1100 °C were due to this porosity. Despite
the presence of porosity, the specimens sintered at
1200°C were stronger than those sintered at 1050°
and 1100°C. Most likely this increase in strength was
due to the presence of leucite. The presence of porosity
for those specimens sintered from 1000-1200 °C sug-
gests that a chemical reaction took place that was not
detectable during DTA and TGA experiments, and
suggests that higher calcination temperatures and/or
longer times for calcination may be required. Addi-
tionally, vacuum firing during sintering may help
reduce porosity and, subsequently, improve the
strength of these materials.

Fig. 2 shows the data for flexural strength versus
sodium content. Sodium has a pronounced negative
effect on the strengths of the materials studied. Fig. 3
gives X-ray diffraction patterns for specimens with
different amounts of sodium. It shows that as the
sodium content increased the amount of leucite in the
specimens decreased while the glassy phase increased.
The results depicted in Fig. 2 are consistent with the
theory of Hasselman and Fulrath [11] and the find-
ings of Rouf et al. [9]. That is, as the volume per cent
of the dispersed phase (leucite) was decreased, the
strength was decreased.
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Figure 1 Flexural strength versus sintering temperature for samples
with compositions of (Kg.g, Nag.,),0 - Al,05-48i0,. The powders
were calcined at 600 °C.
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Figure 2 Flexural strength versus sodium content for samples with
compositions of (K ; _,Na,),0-Al,O; - 48i0,. Powders were cal-
cined at 600 °C and sintered at 1200°C for 1 h.

The thermal expansion versus temperature data for
specimens having different sodium contents are given
in Fig. 4. The curves are nearly linear over a relatively
wide range of temperatures. Leucite is known to have
a phase transformation from a tetragonal structure to
a cubic structure in the range 500-600°C [5, 6, 13],
but no evidence for this transformation is evident in
this figure. Yoon et al. [14] found an inflection point
in thermal expansion versus temperature curves
around 616 °C. They found that the inflection point
was lower for leucite-glass composites containing ad-
ditional silica. Possibly, sodium stabilizes the tetrago-
nal form of leucite at higher temperatures for the
materials considered here. The thermal expansion
coefficients were 15x 1076, 10x 107, 9x107° and
11.2x107¢°C™ ! for xy, = 0.2, 0.4, 0.6 and 0.8, re-
spectively, which are considerably lower than for leu-
cite (25 x 107¢ °C~ 1) [9]. Materials with thermal ex-
pansion coefficients in the range of 13.5x107°-14.5
x107¢°C~?! are considered to be compatible with
those of metals used in current ceramic—metal restora-
tions and with those of many dental porcelains [6, 13].
If a high-strength leucite—glass composite with ther-
mal expansion coefficients in this range could be
developed, these materials would likely be compatible
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Figure 3 X-ray diffraction patterns for specimens with various com-

positions (K _,,Na,),0-Al,0;-48i0, (x =02, 04, 0.6, 0.8).
Powders were calcined at 600 °C and sintered at 1200°C for 1 h.

Thermal expansion 10° p.p.m.)
=)
La
e
+

A
a B
] |
2_na .

e . T . T T
O 200 400 600 800 1000

Temperature (°C)

Y

1200

Figure 4 Thermal expansion versus temperature of specimens with
various compositions (K _,,Na,),0-Al,0;-4S8i0, (x = (A) 0.2,
(+ )04, (1) 06, (®) 0.8). Powders were calcined at 600°C and
sintered at 1200°C for 1 h.

with some dental porcelains and metals and, thereby,
reduce the number of different porcelains that would
need to be developed.

The data suggest that high-strength materials con-
taining leucite with appropriate thermal expansion
coefficients are possible. The leucite composition spe-
cimens had strengths that ranged from 145-
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175 MPa (cf. data for x = 0.0, Fig. 2) which, consider-
ing the porosity of the specimens, implies that improv-
ements are possible. Additionally, sodium was effect-
ive in reducing thermal expansion coefficients of these
materials.

4. Conclusions

1. Coprecipitation processing of materials having a
formula of (K -,Na,),0-Al,0;-48i0, (x = 0.0,
0.2,04, 0.6 and 0.8) produced fine powders that would
sinter at 950 °C to produce dense samples which had a
glassy structure.

2. Sintering at 1000, 1050 and 1100°C produced
porous specimens with reduced strengths.

3. Sintering at 1200 °C produced porous specimens
with leucite present and improved strengths.

4. Porous specimens with a leucite composition
(K,0-Al,05-45i0,) had flexural strengths that ran-
ged from 147-175 MPa.

5. Sodium was effective in lowering the thermal
expansion coefficients of the materials it was added to,
but also lowered their strengths.
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