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ABSTRACT

A synthesis of new ceramics was tried using binary
Ca0/P,05 glass ceramics which were mixed or melted
to glass state, to compare with an apatite-based glass ce-
ramic, 20 wt% Ca0/10 wt% P,05/10 wt% MgO/10 wt%
AlLO,/50 wt% SiO, as a reference material. First, binary
Ca0/P,0; powders were mixed as powder mixtures, and
secondly they were synthesized with 5, 10, 15, 20, 25, 30
and 35 wt% of CaO, based on thermal analysis results,
whereas both pure minerals of CaO and P,0; were used.
Thermal endothermic and exothermic reactions of their
powder mixtures and glass ceramics were examined by
differential thermal analysis (DTA) and thermogravime-
try (T'G) during a heat to 1200 or 1100°C. Because of
heating rate-dependent reactions of cryatal formation in
apatite-based glass ceramics, thermal (ceramming) treat-
ment of binary CaO/P,05 was determined to be 1000°C.
This study showed that the crystallization temperature
ranges of the amorphous glass matrix were detected by
thermal analyses and the appropriate ranges of CaO con-
tent in binary new ceramics were clarified for dental ap-

plication.
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INTRODUCTION

Developmental study of functional glass ceramics has
been done using apatite-based glass ceramic” and pow-
der ceramics?. Dental feldspathic and aluminous por-
celains were used as the esthetic purpose®, and all-ce-
ramic restorative crowns showed mechanical strengths
and toughness than dental conventional porcelains?,
because of less strength of porcelain-fused-to metal

>9  The earlier reports described that newly-

crowns
designed apatite-based glass ceramics had the mechani-
cal properties of apatite-based glass ceramic had enough
magnitudes to toughen the amorphous glass matrix by
the ceramming treatments™?, The effect of thermal
treatment for nucleation on the crystallization of glass
ceramics was examined to strengthen the amorphous
glass matrix™®"”. It is known that TiO, or CaF, is effec-
tive to crystallize the matrix of Si0,/Mg0/Al,O; glasses
and the crystallization occurrs in the glass transition tem-

9, Inthe glass ceramic systems'*'?, the

perature ranges”
microcracking stability was obtained when the formation
of a microcrack zone occurred at the tip of a propagating
crack. Thatis, the microstructure within the amorphous
glass matrix had the role of the stable crack propagation.
Earlier reports said that calcium metaphosphate or cal-
cium phosphate glass was prepared as CaO/P,0;/H,0
or Ca0/P,0; mixture having such a microstructure by

melting them!™®?,

From these recent works, the syn-
thesis of binary Ca0O/P,0; glass ceramics was carried
out as this developmental study of newly-designed glass

ceramics.
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MATERIALS AND METHODS

1. A synthesis of glass ceramics

The glass ceramic used as a reference material in this
study was a newly - designed apatite - based 20 wt% CaO/
10 wt% P,05/10 wt% Mg/ 10 wt% Al,O5/50 wt% SiO, glass

>19 which was melted within a platinum-crusible

ceramic
by high-frequency melting method®. The binary glass
ceramics of Ca0/P,0; were synthesized with the CaO/
P,0; ratios of 0/100, 1/19, 1/9,3/17,1/4,1/3,3/7,7/13,
and 100/0. The CaO percentages were 0, 5, 10, 15, 20,
25, 30, 35, and 100 wt%. The synthesis condition was
referred, based on the CaO/P,0; phase diagram'?.

Their samples were powder mixtures and thermally-
treated (cerammed) ones. The former were heated to
1200° C at heating rates of 5 and 20°C/min, whereas the
latter heated to 1100°C at a heating rate, 20°C/min. The
former and the latter ones were, respectively, cerammed
at 980°C for 2hr and 1000°C for 2 and 6 hr.

2. Thermal analysis and X-ray diffraction analy-
sis

DTA and TG analyses of the powder mixtures and
cerammed samples were carried out using DT 30 and
also DT 50 (Shimadzu Co, Kyoto, Japan). The measur-
ing conditions were used, according to the early
reports®?. On the differential thermal analysis (DTA)
curves, endothermic and exothermic reactions were
examined. The endothermic peak temperatures were
related to thermal decomposition and melting"%® and
the exothermic peak temperature was related to crystal-

%19 Also, the glass transition tempera-

lization process
ture, Tg, which occurred the change of slope of DTA
curves, was measured. On thermogravimetry (TG)
curves, the temperature , Ty, which initiated the weight
loss of the samples, was measured, and the weight loss
(TG %) was obtained. X-ray diffraction analysis of the
cerammed binary CaO/P,0; samples (1000°C for 2hr)
was carried out in the 26 range of 12 to 38 degree by XD-
D1 (Shimadzu Co) at the same condition as the earlier

report'®.
RESULTS

Figure 1 shows DTA curves of apatite-based glass ce-
ramic powders when heated to 1200°C at heating rates
of 5 and 20°C/min, and also Figure 2 shows DTA and TG
curves of the glass ceramic powders which are treated at

980°C for 2 hr, when heated to 1200°C at a heating rate
of 20°C/min. Their powders had an exothermic reac-
tion (crystallization) in the temperture range of 850 to
1000°C and an endothermic reaction (melting) around
1100°C, as indicated by arrows. The heating rates af-
fected their thermal behaviours, and the heating rate used
in the following studies was 20°C/min. Figures 3 and
4, respectively, show TG and DTA curves of binary CaO/
P,0; glass ceramics (0 to 100 wt% Ca0O) when heated to
1100°C at a heating rate of 20°C/min. The decrease of
weight loss was found for more CaO percent. After
weight losses of the sample powders, the exothermic re-
action occurred, although pure CaO had an endothermic
recation around 650°C and also pure P,05 powder had

an endothermic recation around 400°C.
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Figure 1 DTA curves of apatite-based glass ceramics
when heated to 1200°C at heating rates of 5
and 20°C/min. The thermal reactions were

indicated by arrows.
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Figure 2 DTA and TG curves of apatite-based glass
ceramic (980° C ceramming treatment) when
heated to 1200°C at a heating rate of 20°C/
min.



0

TG

?

| R

o e\e i~ ¥ 30

1S 3 25

1 1 4 1 n 1 . f I It 1 1 i 1
300 600 900 1200 0 300 600 900 1200
Temperature(C) Temperature(T)

209

Figure 3 TG curves of Ca0/P,0; glass ceramics when heated to 1100°C at a heating rate of 20°C/min. The num-
bers mean CaQ wt% in the powder mixtures.
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DTA curves of CaQ/P,0; glass ceramics when heated to 1100°C at a heating rate of 20°C/min. The num-

Figure 5 DTA and TG curves of CaO/P,0; glass ceramics, which were thermally treated at 1000°C for 2 and 6 hr,
when heated to 1100°C at a heating rate of 20°C/min. The numbers mean Ca0O wt% in the powder mix-
tures.

Figures 5 show DTA and TG curves of CaO/P,0; glass
ceramics with different CaO wt% (25, 30, and 35 wt% Ca0)
in the powder mixtures, which were thermally treated at

1000°C for 2 and 6 hr.

Their samples were heated to

1100°C at a heating rate of 20°C/min.

Using thermallly-

treated powders, their thermal reactions were obtained

clearly in the crystallization and melting temperature

ranges.

In Figures 6, the crystals were detected by X-



210

1000C 2hr

* p-Ca0 - P:0s

1000C 2hr

Tromelite
o]

B -Ca0 - P20s

10 20 30 40
26(Degree)

10 20 30 40
20(Degree)

Figure 6 X-ray diffraction patterns of CaO/P,0; glass ceramics which included 25, 30

and 35 wt% as a CaO content.

ray diffraction analysis of CaQ/P,0; glass ceramics which
included 25, 30 and 35 wt% as a CaO content. The
samples used were the ones treated at 1000°C for 2
hr. The B-CaO ¢ P,O; crystal was found for the samples
including 25 and 30 wt% as a CaO content, and tromelite
formed in the sample including 35 wt% as a CaO content
associated with - CaO * P,O; crystal.

The thermal analysis results are indicated in Tables 1
and 2. Glass transition temperature,Tg, on DTA curves
was detected in binary CaO/P,0; powder mixtures (Table
1). The Tg temperature increased when CaO was in-
cluded in CaO/P,0; mixtures. Table 2 indicates the
characteristic temperature, Ty, and TG in binary CaOQ/

Table 1 Glass transition temperature, Tg, which
was detected on DTA curves, in binary
Ca0/P,0; powder mixtures. Ca0/P,0;
ratio means the weight percent of binary
powder mixtures.

Ca0/P,0s CaO (wt%) Tg ¢C)
0/100 0 4733 ( 5.0)
1/19 5 510.7 (12.7)
1/9 10 562.7 (23.0)
3/17 15 541.0 (11.0)
1/4 20 533.3 ( 3.0)
1/3 25 534.0 ( 3.0)
3/7 30 542.5 ( 0.5)
7/13 35 541.7 ( 2.9)

100/0 100 377.7(21)

The samples were treated at 1000°C for 2 hr.

Table 2 The characteristic temperature, Ty, and
TG in binary CaQ/P,0; powder mixtures,
which were obtained on TG curves.
Ca0/P,0; means the ratio of weight per-
cent in binary powder mixtures. Ty
means the temperature where the weight
loss initiates.

Ca0/P,0; CaO0 wWt%) T (O TG (%)
0/100 0 511.3 ( 3.4) 74.8 (4.0)
1/19 5 556.0 ( 4.3) 64.4 (5.1
1/9 10 621.7 ( 0.5) 39.3 (7.0)
3/17 15 630.0 (16.3) 28.5 (3.0)
1/4 20 428.7 ( 2.5) 14.7 1.0)
1/3 25 423.3 ( 4.5) 12.4 (1.4)
3/7 30 404.5 ( 0.5) 7.6 (0.4)
7/13 35 413.3 ( 3.5 7.0 1.0)

100/0 100 406.7 ( 1.0) 1.9 (0.1)

P,0; powder mixtures, which were obtained on TG
curves. Ty, which means the temerature where the
weight loss initiates have the peak value at CaO = 15 wt%.
The weight loss decreased from 74.8 to 7.0 wt% with more
Pure CaO had 1.9 wt% weight loss.

Figure 7 is the melting temperatures of CaO/P,0; glass

CaO prercent.

ceramics with 0 to 100 wt% as a CaO content, showing
that they changed from 650°C to around 1000°C with in-
creasing CaO wt%. Pure CaO showed the highest value
(2572°C) of the powder mixtures tested.
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Figure 7 Melting temperatures of CaO/P,0; glass ce-
ramics with 0 to 100 wt% as a CaO content.

DISCUSSION

The thermal change of castable glass ceramic within
the investment mould with decreasing test temperature
from melting range affected the dimensional accuracy of
cast ceramic crown or inlay, and the lower melting tem-
perature gave the lower thermal change of cast glass res-

torations'™.

To apply such castable glass ceramics to
dental restorations, dental investments used were ethyl
silicate-bonded ones, as reported early”®. In this study,
as referred to Ca0/P,05 phase diagram', new calcium
phosphate mixtures can be developed if the CaO content
isselected. The glass formation and crystallization were
examined by fundamental kinetics and X-ray diffrac-
tion*'”. The results clarified that the crystallization in
the ceramic zone systems occurred through the nuclea-
tion and growth of rods and the crystallization rate de-
pended on the thermal treatment temperature. These
results suggest that the activation energy for nucleation
is a function of composition and treatment temperature.

The glass formation range and cryatallization rate of
calcium phosphate glass ceramics were examined the

ceramming'®?V.

The results said that glass formation
in Ca0/P,0; system was limited within the composition
range less than 55/45 in molar ratio of CaO/P,0;. The
thermal treatment condition obtained was 700°C for 5
hr. Itis notaresonable condition for ceramming of den-
tal glass ceramics because of longer holding time. Thus,
CaO content range and ceramming temperature were
examined using various weight ratios of CaO/P,0s, as
indicated by 0/100 to 100/0 as a weight percent. Inthe
earlier reports''®, 55/45 molar ratio corresponded to
27 wt% CaO in the binary glass ceramics. The treament
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condition selected in this study was 1000°C for 2hr, as
compared with that at longer holding time (6 hr), because
the same crystals formed at two conditions (Figs 4, 5, 6).
The crystallization from the glass state took place at the
glass transition temperature”. The CaO/P,0; glass ce-
ramics had the glass transition temperature range of 510.7
to 562.7°C (Table 1), and the exotherm of the crystalliza-
tion was expected. As compared with CaO/P,0s
samples with 25, 30, and 35 wt% CaO as the powder mix-
tures (Fig 4) and cerammed glass (Fig 5), the crystalliza-
tion ranges were found clearly on DTA curves in Fig 5 by
the thermal treatment at 1000°C. This result agreed
with apatite-based glass ceramics which had glass state
(Figs 1, 2). This thermal analysis suggests that the
maximum rate of crystal nucleation is needed for more
growth of crystals. To obtain clearly the crystallization
and precipitation of CaO/P,0; glass ceramics, the oxide
additives to them are important for additional dental ap-

plications.
SUMMARY

Dental binary glass ceramics, CaO/P,0s, whose crys-
tals were formed within the glass matrix, were produced
using powder mixtures and cerammed glass ceramics.
These crystals were detected by thermal analysis during
aheatto 1100°C. Most interesting results were that the
effect of CaO in binary Ca0/P,0; powder mixtures and
cerammed powders on thermal changes with test tem-
perature was clarified. This study showed that the de-
composition and crystal formation were respectively de-
tected clearly as an endothermic peak and exothermic
peak by DTA analysis. The CaO ranges (25 to 35 wt%)
whose crystallization occurred were obtained clearly.

ACKNOWLEDGEMENTS

The authors would like to express the deep apprecia-
tion to research facilities for the use of “Biomaterial Com-
bined Analysis System” (Hiroshima University Graduate
School) from the Ministry of Education, Science and
Culture. This work was supported by Grant-in-Aid
(C)07672112 and (A)08771789, the Ministry of Education,
Science and Culture, Japan.

REFERENCES

1) Yoshida, Y., Wakasa, K., Ikeda, A., Nurhayaty Natsir,
Ken-ichi Shirai, Yoshioka, M. and Yamaki, M.:
Developmental study of functional glass ceramics
Part 1 Strength evaluation, Hiroshima Daigaku



212

2)

3)

9

5)

6)

7

8)

9

10)

11)

Shigaku Zasshi 29, 293-300, 1997.

Wakasa, K., Nomura, Y., Yoshida, Y., Ikeda, A.,
Nurhayaty Natsir, Ken-ichi Shirai, Yoshioka, M. and
Yamaki, M.: Developmental study of functional
glass ceramics Part 2 DTA-TG analyses of powder
mixtures applied for dental purpose, Hiroshima
Daigaku Shigaku Zasshi 29, 301-306, 1997.
Anusavice, K.J.: Recent developments in restor-
ative dental ceramics, J. Amer. Dent. Assoc., 124,
72-84, 1993.

Christensen, G.J.: The use of porcelain-fused-to-
metaal restorations in current dental practice: a
survey, [J. Prosthet. Dent., 56, 1-3, 1986.
Leempoel, PJ.B., Eschen, S., De Haan, A .FJ. and
Van’t Hof, M.A.: An evaluation of crowns and
bridges in a general private practice, J. Oral
Rehabil., 12, 15-28, 1985.

Vrijhoef, M.M.A., Spanuaf, A.J. and Renggli, H.H.:
Axial strengths of foil, all-ceramic and PFM molar
crowns, Dent. Mater., 4, 15-19, 1988.

Matsui, A.: The developmental study of glass-
ceramics on Bioramics field 1. Especially, the
applicational study for evolutional progress in den-
tal field, The Quintessence 7, 105-120, 1988,
Wakasa, K., Yamaki, M. and Matsui, A.: Thermal
treatment and crystalline structure in dental cast
ceramic material, J. Mater. Sci. Mater. Med., 8,
235-238, 1992,

Wakasa, K., Yamaki, M. and Matsui, A.: An experi-
mental study of dental ceramic material: differen-
tial thermal analysis, J. Mater. Sci. Letters 11, 339-
340, 1992,

Nomura, Y., Taira, M., Wakasa, K. and Yamaki, M.:
Castability range of calcium-phosphate-based
castable glass-ceramic CD203, J. Mater. Sci. Let-
ters 18, 1503-1505, 1994,

Wakasa, K., Yoshida, Y., Ikeda, A. and Yamaki, M.:
Surface roughness value in cast and cerammed

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

apatite-based glass ceramic, Hiroshima Daigaku
Shigaku Zasshi 27, 15-18, 1995,

Wakasa, K., Ikeda, A., Yoshida, Y. and Yamaki, M.:
Dental castable glass ceramics: ceramming treat-
ment and colour property, J. Mater. Sci. Mater.
Med., 6, 29-31, 1995.

Motoki, Y.: Ceramic Kougaku Handbook, Nihon
Ceramic Kyoukai edition, Gohoudou Pub, pp 2464,
1989.

Sun, Kuan-Han: Fundamental condition of glass
formation, J. Am. Ceram. Soc., 80, 277-281, 1947.
Ohlberg, S.M. and Strickler, D.W.: Determination
of percent crystallinitry of devitrified glass by X-ray
diffraction, J. Am. Ceram. Soc., 45, 170-171, 1962.
Freiman, S.W. and Hench, L.L.: Kinetics of crys-
tallization in Li,0-SiO, glasses, J. Am. Ceram. Soc.,
51, 170-171, 1968.

Green, D.J., Nicholson, P.S. and Embury, J.D.:
Fracture toughness of a partially stabilized ZrO; in
the system CaO-ZrO,, J.Am. Ceram. Soc., 56,619
623, 1973.

Abe, Y.: Kinetic studies on crystallization of cal-
cium metaphosphate glass, Yougyou Kyoukaishi
81, 471-476, 1973.

Abe, Y., Funahashi, T. and Naruse, A.: Crystalliza-
tion of calcium phosphate glass having short grain
structure, Yougyou Kyoukaishi 82, 257-262, 1974.
Abe, Y. and Fukui, T.: Studies of calcium phos-
phate glass-ceramics-Development of dental mate-
rials (Part 1), Shika Rikougaku Zasshi 16, 196—
202, 1975.

Seghi, R.R., Denry, L.L. and Rosenstiel, S.E.:
Relative fracture toughness of new dental ceram-
ics, J. Prosthet. Dent., 74, 145-150, 1995.

Zhou, X. and Yamane, M.: Effect of heat-treatment
for nucleation on the crystallization of MgO-Al,O5
SiO, glass containing TiO,, Nihon Ceramics
Kyoukai Gakujutsu Ronbunshi 96, 152-158, 1988.





