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Abstract

Simultaneous crystallization of fluorophlogopite and beta-spodumene solid solutions is adjusted to achieve machinable porcelain with
low expansion coefficient for dental application. The crystallization is guided by the thermal behavior to achieve the desired properties. The
beta-spodumene phase tends to harden the body and thereby impair the machinability character when its proportion approaches more thar
50%. An expansion coefficient 40 x 10~ °C~* with good machinability is achieved by adjusting the content of beta-spodumene. The rate
of heating slightly above the transformation range ought not to be so rapid to achieve sufficient grain growth. Heating ra@snf D0
higher is successfully employed to achieve the desired porcelain.
© 2004 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction a conversion temperature of 700. Beta-spodumene has
low expansion coefficient and high hardness. The simulta-
Considerable research has been directed to porcelain bodneous crystallization of beta-spodumene with fluorophlo-
ies demonstrating excellent high temperature dimensionalgopite enhances the mechanical properties and the thermal
stability together with good machinabilifyL,2]. Most nat- shock resistance through reducing the thermal expansion
urally occurring micas have hydroxyl group in a silicate coefficient[15-22]
composition, whereas micas produced synthetically often The present work aims at the preparation of porcelain
involves fluorine substituted in the body structure in place containing synthetic fluorophlogopite as the primary min-
of the hydroxyl group$3]. Thus, synthetic micas have fre- eral phase, which lends the porcelain good machinability. A
quently been termed as fluorophlogopite solid solutions or simultaneous crystallization of beta-spodumene solid solu-
fluormicas. Fine-grained, polycrystalline mica ceramics do tion with fluorophlogopite will reduce the overall coefficient
not demonstrate excellent flexibility, but on the other hand, of thermal expansion and improve the hardness. In sum,
exhibit good dielectric behavior, thermal stability, and good the porcelain is machinable with low thermal expansion and
machinability[4—6]. each phase contributes distinctive characteristics.
One fundamental shortcoming in all of the synthetic flu-
ormicas is their high coefficient of thermal expansisn
90 x 10~ 7°C~! with consequent poor resistance to thermal o Experimental procedures
shock[7-12] Therefore, there has been a need for a prod-

uct demonstrating good machinability character of mica, but  ggyptian feldspar with a chemical composition shown in

with a much lower coefficient of thermal expansjaa-14} Table 1was used to prepare spodumene—fluorophlogopite
Beta-spodumene is a trapezohedral form of the tetrag- porcelains. The composition of the mixes is satisfied us-
onal system with a classical formula20-Al203-4Si0p, ing chemicals including MgF (Fluka), boric acid (Fluka),

and is a high temperature form of alpha-spodumene. |j,co; (Aldrich), K2COjs (Aldrich). Three mixes were pre-
Beta-spodumene results from heating alpha-spodumene tgared containing 10, 30, and 60% spodumene on the extent
of fluorophlogopite corresponding tq A3, and F, respec-
tively. The chemical compositions of the different mixes are
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Table 1 Frit powders were pressed into 10 mm diameter and 5 mm
Chemical analysis of feldspar height cylindrical samples under 100 MPa. The pressed sam-
Oxide (Wt.%) ples were heat treated at 680/2 h. Different groups of the
K0 11.70 treated samples were then fired between 900 and AD50

2 . "
Al,Os 18.40 The phase composition of samples processed at 900 and
Sio, 64.03 1000°C was followed by XRD analysis. XRD analysis was
Na,O 01.60 carried out using apparatus type Brouckur D8 advance with
22283 %%47% Cu-target and Ni-filter.
Ti0, 00.02 Samples of the different mixes were embedded into poly-

e 01.00 mer resin and polished using different grades of abrasives
followed by 1.0um diamond paste. The polished specimens
were washed by water and acetone in an ultrasonic bath sev-

Table 2 eral times. The polished samples were chemically etched us-
Chemical composition of the different mixes ing a mixture containing 1% EDTA and 5% NaOH for 60s.
Oxide (Wt.%) R Fs Fe The etched samples were washed carefully with distilled
Li,0 0.80 o 482 water. Gold layer of 3um thickness was sputtered over the
K,0 10.05 7.82 4.47 polished surface. The microstructure of the coated samples
MgO 17.24 13.41 7.66 was analyzed via SEM type JSM-6400 operating at 20 KV
Al203 13.65 16.71 21.30 attached with EDAX unit

Si0, 36.94 4229 47.83 Some of the polished samples, washed carefully with ace-
MaF 13.32 10.36 >-92 tone and water, were coated with gold without etching. Vick-
B20s 8.00 8.00 8.00 '

ers microhardness was determined through indentation.

B,0O3 was added to the mixes on the extent of silica percentage.

Batches were milled and mixed in a ball mill for 1 h. The 3. Results and discussion
milled powders were uniaxially pressed into 100g cubes
under a force of 100 MPa. The pressed cubes were calcined The manufacture of frit porcelain involves three funda-
at 1000°C/1 h. The calcined cubes were fused in platinum mental steps. The first is the melting of a glass-forming batch
dishes using a fast firing furnace at temperatures betweennormally containing a nucleating agent. The second is the
1100 and 1400C. The fused materials were poured in a cooling of the melt at a sufficiently rapid rate in a stream of
stream of cold water to form frits. Frits were milled for 4h cold water. The third is heat treatment of the processed frit
to pass 7m sieve. to be crystallized in sitfi1—6].

The milled powders were thermally analyzed via DTA Normally the crystallization is performed in two stages.
using apparatus type Bahr 701 at a rate 8CHEnin up to Thus, the glass body is initially heated to a temperature
1100°C. The powders were pressed into small rectangular slightly above the transformation range to develop nuclei in
samples of 12 mm length and 6 mm width under 100 MPa to the glass body. The nuclei provide sites for subsequent crys-
be used for thermal expansion determination. The pressedal growth. The nucleated frit body is heated to a tempera-

samples were heat treated at 6883 h and then at 95@C ture above the softening point of the porcelain to enhance
for 2h. The expansion behavior of the processed samplesthe growth of crystals on the nuclgi0,11]

was studied via dilatometer type Béahr 801 up to 1000 The crystallization mechanism leads to a substantially
with a heating rate of 5C/min. simultaneous growth of crystals on numerous nuclei.
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Fig. 1. DTA results of the different mixes.
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Accordingly, porcelain conventionally consists of uniformly The respective porcelain contains synthetic fluorophl-
fine-grained crystals randomly oriented and homogeneouslyogopite as the primary mineral phase that lends good
dispersed, throughout a residual glassy matrix. The physicalmachinability and electrical insulating properties; wherein
properties exhibited by porcelain are related to the devel- a substantial amount of beta-spodumene solid solution
oped phases than to the glassy phase. The crystallizatiorcrystals is included to reduce the overall coefficient of ther-
mechanism provides porcelains, which are free from voids mal expansion. In sum, a multiphase porcelain is created
[10,12] and each phase contributes distinctive characteristics. The
In the current work, fluorophlogopite constitutes the pri- final mineral assemblages displayed by XRD patterns in
mary mineral phase together with beta-spodumene solidFigs. 2 and 3omprise fluorophlogopite solid solution and
solution, in addition to substantial amounts of forsterite beta-spodumene solid solution homogeneously dispersed
as secondary mineral phases The crystallization of the within a glass matrix.
aforementioned phases are guided by the thermal behav- The attached SEM micrographs clearly portray the large
ior shown inFig. 1 The exothermic peaks occurring at fluorophlogopite crystals and interstitial beta-spodumene
580, 600, and 610C of Fy, F3, and Fs, respectively, re-  solid solution grains. Beta-spodumene is extremely
lated to the crystallization of spodumene. On the other fine-grained with grains having diameters less than about
hand, two exothermic peaks occurring at 700 and°€h 1um and difficult to differentiate visually. Nevertheless,
mix F; relate to the transformation of alpha-spodumene to the presence of beta-spodumene solid solution is confirmed
beta-spodumene and the crystallization of fluorophlogopite, by XRD and DTA analyses.
respectively. Other three exothermic peaks occurring at 860, The large plate-like and tabular grains are fluorophlogo-
900, and 980C of F, F3, and ks, respectively, relate to  pite. The best machinability is secured at the highest con-
melting. centrations of fluormica wherein the fluorophlogopite has
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Fig. 2. XRD analysis of the mixes fired at 1000. P, fluorophlogopite; S, beta-spodumene; F, forsterite.
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Fig. 3. XRD analysis of the mixes fired at 900.

a grain size of less thanym. Fluorophlogopite forms the  ation of both fluorophlogopite and spodumene solid solu-
major phase in both fFand ki mixes as shown irFigs. 4 tion. Thus, the inclusion of nucleating agents assland/or

and 5 Mica grains are uniform in size and are randomly ZrO,, normally utilized to nucleate beta-spodumene solid
distributed in the glass matrix. Beta-spodumene phase oc-solution crystals is not necessary in the current mixes. The
curs in a considerable amount in both asafd Fs, but its crystallization of the respective phases is performed in a de-
content does not permit reliable decrease in the expansionsired way without nucleating agents and perhaps the pres-
or further increase in the value of hardness. Nevertheless,ence of specific mineralizers encourages the development of
such bodies Fand F; exhibit coefficients of thermal expan-  parasitic phases. On the other hand, addition gd8is an

sion of 36x 10~/ and 31x 10~/ °C~1, respectively. Hence,  important factor for the crystallization of fluorophlogopite
the presence of beta-spodumene solid solution enables loweexhibiting good mechanical machinability. Volatilization of
expansion coefficient to demonstrate excellent resistance tofluoride from the melt was quite low at the melting temper-
thermal shock. atures employed.

Beta-spodumene increases in mikds displayed by the The developed beta-spodumene phase tends to harden the
SEM results irFig. 6, but to a limit impair the machinability,  body and thereby impair the machinability character accord-
perform excessive increase in the hardness and demonstrating to their amount, growth and distribution in the glassy
a value of expansion coefficiea27x 10~/ °C~1. Thus, the matrix. However, to achieve a coefficient of expansion of
singular interlocking microstructure of the plate-like or tab- less than 40« 10~/ °C~1, beta-spodumene solid solution
ular fluormica crystals allow thermal expansion adjustment should comprise at least about 25% of the total crystallinity
and respective shrinkage. as shown by Fand Fs. Therefore, when the proportion of

The microstructure of the body also affects the strength. beta-spodumene solid solution approaches more than 50%,
Spherulitic or dendrite growths of mica result in the pro- the hardness increases sharply and the porcelain is no longer
duction of weak bodies. The interlocking of the fluorophl- to be considered machinable as demonstratedgtfiréd at
ogopite crystals coupled with a relatively high percentage 1000°C. The hardness of the mixgHired at temperature
of fine-grained beta-spodumene solid solution, promotes the>950°C sharply increase indicating the machinability dete-
highest mechanical strength., reduce the expansion coeffi-rioration. The two mixes fand F; are shown to be readily
cient to less than 3& 10~/ °C~1 compared with the expan- machinable porcelains at all temperature ranges. The hard-
sion coefficient of mica; 9& 10~/ °C~1. ness values generally increase with the increase in tempera-

In the current work, no nucleating agent is normally em- ture or the amount of beta-spodumene as showtrabie 3
ployed. The high content of MgO and F is adequate to allow  Beta-spodumene solid solution comprised the pri-
amorphous phase separation and subsequent internal nuclenary crystal phase of g&with a substantial amount of
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Fig. 4. SEM results of Ffired at 950°C. Fig. 5. SEM results of & fired at 950°C.

Fig. 6. SEM results of § fired at 950°C.
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Fig. 7. Thermal expansion results of the different mixes.

Table 3

The expansion coefficients of the different mixes are 36.21,
Microhardness results of the different mixes

31.03, and—27.60 for F, F3, and F, respectively. A dis-

Temperature °C) Microhardness values (kg/nfin tinct similarity is apparent in the expansion behavior of both
F = Fo F1 and Rs. The two samples showed closely matched expan-
sion behavior.
850 50.70 53.90 101.00
900 62.00 96.60 110.20
950 113.50 118.10 117.50 .
1000 75.60 168.80 21700 4 Conclusion
1050 80.40 132.90 689.70
1100 95.60 105.50 911.00 1. Beta-spodumene simultaneously crystallizes with flu-

orophlogopite in all mixes at different temperatures.
2. The porcelain is no longer readily machinable on ap-
proaching more than 50% beta-spodumene.
3. Good machinability and low expansion coefficient
are achieved in mixes containing less than 25% beta-
spodumene together with fluorophlogopite.

fluorophlogopite. Oxides such as MgO ang(d3 are present

in the compositions. Their presence assures the formation
of fluorophlogopite phase with beta-spodumene. The forma-
tion of parasitic forsterite phase is controlled by the ratio of
MgO + MgF,/SiO, either during the normal heat treatment

or during a subsequent prolonged exposure to high temper-
atures.
The rate of crystal growth is dependent upon the heat

4. The porcelain requires heat treatment within the trans-

formation range with a heating rate of 40/min or
higher and is successfully employed to achieve subse-

treatment regime. Hence, at temperatures slightly above the ~ duent crystallization.

transformation range, crystal growth is quite slow and the
glass body is subject to deformation. Therefore, the heating References
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