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Abstract

The devitrification phenomenon of CaO/P,05 glass with TiO,, Al,O5, and SiO, additions were investigated using thermal
analysis techniques. To determine, whether, the devitrification begins at the surface or in the bulk of these glasses, we
compared the peak temperatures of exothermic for coarse and fine particles. The devitrification mechanism of CaO/P,0s5 glass
will change by adding additives, such as TiO,, Al,Os3, and SiO,. The addition of additives will induce the surface nucleation
mechanism of these glasses, but the addition of additives, such as TiO, and Al,O3 are found to promote volume nucleation
when the amount of addition exceeds 5 and 10 mol%, respectively. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been reported that the direct bonding of bone
to bioactive glass, such as Dy-bioglass, would tend to
create an artificial interface between the living tissue
and the biomaterial [1,2] and the strength of bonding
of Dy-bioglass will overcome the problems of joint
replacement and improve the long-term performance
of prostheses if the bioactive glass is coated onto
alloys or stainless steel [3].

Calcium phosphate ceramics have various applica-
tions in bio-related fields, and it has been reported that
Ca(POs), glass is nontoxic [4]. Glass-ceramics which
contain long fibrous B-Ca(POs), can be prepared by
re-heating CaO/P,05 glasses around the metapho-
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sphate composition at a temperature close to the T,.
Glass-ceramics converted from the calcium ultrapho-
sphate glasses (Ca/P < 0.5) consist of crystals such as
B-Ca(POs),, CayPs0;; and ultraphosphate glassy
phase [5].

To achieve the fine and uniform-grained micro-
structure that imparts the required mechanical proper-
ties and bioactivity, careful control of heating
programs and efficient nucleating agents are needed.
The devitrification behavior and physical properties of
calcium phosphate glass with additives, such as CaO,
[6] and TiO, [7] were investigated in our early reports.
Around the exact amount of additive being added into
calcium phosphate glass, the additives would play an
effect role on devitrification mechanism. This study
considers the crystallization and nucleating behavior
in the CaO/P,05 glass system and in particular, the
effect of varying TiO,, SiO, and Al,O5 content.
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2. Experimental

The glass compositions listed in Table 1 were
prepared by melting the analytical grade reagents
[CaCO3, Ca(H2P04)'2H20, TiOz, A1203 and 8102]
at 1450°C in a platinum crucible in an electric furnace
for 4 h. For homogeneity the melts were quenched in
water and then the quenched glasses were crushed
very carefully using a stainless steel mortar and pestle.
The crushed powder was re-melted at 1400°C for
another 4 h. Subsequently, the glass melts were cast
into a preheated (about 280°C) graphite mold, then
cooled to room temperature. The glass block was
ground to produce a fine (—325 mesh, =< 44 um)
and a coarse (—30 mesh, +50 mesh, 295-590 um)
in order to do the differential thermal analysis (DTA)
experiments. DTA experiments were performed with a
model 8121 Rigaku-Denki. o-Al,0O; powders were
used as a reference material. DTA curves of each
30 mg of fine and coarse glasses powder at different
heating rates (2-20°C min~ ") under static air atmo-
sphere were recorded.

3. Results and discussion

The non-isothermal devitrification is well described
by the well-known equation [8,9]

~In(1 — «) :Iz—llexp<—z—f> ey

Table 1
Glass compositions

Glass no. Oxide (composition/mole%)
CaO P,05 TiO, Al,O3 SiO,

1 52.4 47.6
2 50.3 45.7 4.0
3 48.3 43.8 7.9
4 46.4 42.2 11.6
5 44 .4 40.4 15.2
6 51.5 47.0 1.5
7 50.1 45.5 44
8 48.6 44.1 7.3
9 47.1 42.5 10.4

10 51.6 47.1 1.3

11 50.4 459 3.7

12 49.2 44.7 6.1

13 46.2 41.7 8.7

where o is the degree of crystallization, N is the
nucleus number, A is a constant and 4 is the heating
rate, E is the crystal growth activation energy. The
parameter m depend on the mechanism and morphol-
ogy of crystal growth; it ranges from m = 1 for one-
dimensional growth (or the rod-like crystals) tom = 1
for three-dimensional growth [10]. The higher the
value of m, the more sharper in the DTA crystallization
peak when the same experimental condition. Assum-
ing that at the peak temperature, T, the degree of
crystallization « reaches the same specific value and is
not dependent on the heating rate h, the activation
energy E for the crystal growth can be evaluated from
the DTA curves by the following equation

E

In(h) = RT, + constant (2)

Multiple DTA runs were performed at different
heating rates, s, and In(h) versus 1/T,, was plotted.
A straight line was obtained and the values of E were
obtained from their slopes. If the deflection from the
baseline AT, is proportional to the instantaneous reac-
tion rate [11,12] and in the initial part of DTA crystal-
lization peak, the change in the temperature has a
much greater effect than o on the AT [13], Eq. (1) also
gives

E
In(AT) = — ’IZ—T + constant 3)

The morphological index m relating to the crystal
shape can be obtained by comparing the slope of
Eq. (1) and the slope of Eq. (2). Table 2 lists the
activation energies of crystal growth, the values of
parameter m for CaO/P,0s glasses and CaO/P,0Os5
glasses containing TiO,, SiO, and Al,O;3. The value
of parameter m decreased sharply when the additives
were added to CaO/P,0Os glass (especially SiO,). This
indicates that the additives induce the devitrification
mechanism of these glasses by surface nucleation. To
determine, whether, the devitrification begins at the
surface or in the bulk of these glasses, we compared
the exothermic peaks of coarse powder and fine
powder (Fig. 1). For the glasses with higher amount
of TiO, and Al,O5; addition, the temperatures of
exothermic peak for both coarse powder and fine
powder are very close, this indicated bulk nucleation
occured in these glasses [14]. A survey of CaO/P,0s5



J.-S. Lee et al./Thermochimica Acta 367-368 (2001) 279-283 281

Table 2

Crystal growth activation energies and values m for CaO/P,05 glasses containing TiO,, Al,O5 and SiO, additives

Glass composition

Fine powder ( < 44 nm)/Coarse powder (297-590 pm)

E. (kI mol™") m E. (kJ mol™ ") m

1 361/400 610/834 1.7/2.1

2 280/343 335/316 0.84/0.92

3 311/370 281/192 0.90/0.52

4 348/370 136/107 0.39/0.29

5 315/452 117/181 0.37/0.40

6 361/413 330/413 1.09/1.0

7 372/514 413/540 1.11/1.05

8 232/241 354/371 1.53/1.54

9 433/441 514/531 1.19/1.20
10 366/373 408/444 1.11/1.19
11 431/332 500/415 1.16/1.25
12 311/332 498/549 1.60/1.65
13 392/345 1181/845 3.01/2.50

-~
e e - o -

]
:
%‘%&5«:—;_
]
g
=

-~ N, -

¢.
-

Lol VNG
_\_/\A.__\_’___=

- S o an

- N e o -

_\_/\5@:

-
NN e w

| AT=10 /%
o wa I, S

v o -

Ca/P=0.55
(molar ratio)

4 mol % SiO,

7.9 mol % SiO,

11.6 mol % SiO,

15.2 mol % SiO,

1.5 mol % Al, O,

4.4 mol % Al, O,
7.3 mol % Al, O,
10.4 mol % Al, O,
1.3 mol % TiO,
3.7 mol % TiO,

6.1 mol % TiO,

8.7 mol % TiO,

i 1 i A A J
500 600 700 800 900 1000

Temperature/ °C

Fig. 1. DTA curves of calcium phosphate glasses with SiO,, Al,O03
and TiO, additives, under static air atmosphere with a 10°C min~

heating rate (- - - coarse powder, — fine powder).

1

glasses studied and their crystal growth activation
energies E is listed in Table 3.

The number of nuclei for unit volume N is the sum
of surface nuclei N,, bulk nuclei formed during a
previous heat treatment of nucleation N, heteroge-
neous bulk nuclei N,.

N =N, +Nj, + N, + N, 4

The values of Ny, N, N,, and N, are proportional to
the sample specific surface, S, the reciprocal of DTA
heating rate, &, the time, f,, of the nucleation heat
treatment and the amount of nucleating agent, respec-
tively. As the DTA runs are carried out on as-quenched
glasses, N, = 0, in the samples and assuming that at
the temperature T}, of the crystallization peak, the
crystallization degree y reaches the same specific
value not depending on the DTA heating rate A. It
is also assumed that there are no heterogeneous
bulk nuclei, N, in the samples. The samples have
same specific surface, S and the DTA is carried out at
the same heating rate, &, so the sum, N,, of surface
nuclei, Ny and bulk nuclei, Ny, formed during the DTA
run is constant, and the following equation can be
derived

E
In(N, + N,) = R_Tp + constant %)
For an as-quenched sample (N,, = 0)
In(N,) E + constant (6)
n(N,) = —— + constan
RTY
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Table 3

Survey of the activation energies of the studied CaO/P,05 glasses

Glass no. Composition (mol%) Activation energies (kJ mol ™) Reference
A 52.5Ca0-47.5P,05 502 [15]

B Some meta phosphate glasses 125 [16]

C P-O-P bonding energy in glasses 460 [16]

D 34Ca0-11.3 P,05-28.7Mg0-26Si0, 763 [17]

E Viscous relation 1000 [17]

F 50Ca0-5 P,05-45Si0, 536 [18]

From Egs. (5) and (6), the following equation can be
drawn

N, + N, Ef1 1
In NotM) 21 L ™)
N, R\T, Ty

60
—g— 4 mol % SiO,
~— 7.9 mol % SiO,
=i~ 11.6 mol % SiO,
=¥ 15.2 mol % SiO,
50 | —%15 mol % Al, O, -
—8—4.4 mol % Al, O, ’-
7.3 miol % AL, O,
—=—10.4mol%Al 0
—==-1.3 mol % TiO, )F
=0~3.7 mol % TiO,|

—{36.1 mol % TiO,
=3.7 mol % TiO,
—©Ca/P=0.55
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Fig. 2. The nucleation rate — temperature like curves of calcium
phosphate glasses containing SiO,, Al,O3 and TiO, additives.

The number of nuclei N, is related to the time 7, of
nucleation heat treatment by

N, =1t (8)

where [ is the kinetic rate constant of nucleation and b
is a parameter related to the nucleation mechanism. If
the samples are held at the same time ¢, (a long time) at
each temperature 7, of the heat treatment and the DTA
runs are carried out at high heating rate [15,16], the
following approximate equation can be derived from
Eq. (8)

E (1 1
In(I) == | — — — | + constant )
R\T, T¢

By plotting (1/T, — 1/T}) against T,,, a nucleation
rate-like curve is obtained. Fig. 2 shows the nucleation
rate like curves of CaO/P,05 glass containing TiO,,
Al,O5; and SiO, additives. It was found that the
temperature 7,, of the heat treatment corresponded
to the maximum nucleation rate of the samples, and
increased with the TiO,, Al,O; and SiO, amounts
added to the CaO/P,0s5 glass. The higher the additives
content, the higher is the temperature 7,, of the heat
treatment.

4. Conclusion

Adding additives, such as TiO,, Al,O5 and SiO,, to
the CaO/P,05 glass leads to an increase in both of the
glass transition temperatures, T, and crystallization
peak temperature, T,,. That the glass crystallization
peak temperature, T}, is high or low does not mean that
the glass crystallization is difficult or easy.

Around 5 mol% TiO, is particularly effective in
promoting volume nucleation. The reduced peak shift
of crystallization temperature between coarse and fine
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glass powders at higher TiO, contents, suggests that
volume nucleation is easier. But the nucleation
mechanism of CaO/P,0s glass changes on the addi-
tion of the additives, TiO,, Al,O5 and SiO,, etc. These
additives induce the surface nucleation mechanism of
these glasses, except for the CaO/P,05 glass contain-
ing higher amounts of Al,O3 and TiO,.

The activation energies of these glasses range from
265 to 513 kJ mol ! for fine powder samples, and 342
to 514 kJ mol~' for coarse powder samples, respec-
tively. These values close to the value of P-O-P
bonding energy (460 kJ mol™"), but they are moder-
ately higher than that of some metaphosphate glasses
(the activation energy for the crystal growth is around
125 kI mol ). However, the activation energy of
crystal growth of CaO/P,05 glass with higher amounts
of additives, in this work, are close to the isothermal
crystallization data on Ca(POj3), glass powders [17-
19] (for particle size between 44 and 74 pm, presented
by Abe et al., E. = 502 kJ mol~', estimated by the
relation between t, 5 and temperature). The activation
energy reported here is also in agreement with those of
Costantini et al. [20] (E. = 534 £ 59 kJ mol ", for the
glass of composition 50CaO-5P,05—45Si0,).

References

[1] T. Kitsugi, T. Yamamuro, T. Nakamura, S. Ketani, T. Kokuba,
H. Takeuchi, Biomaterials 14 (1993) 216.

[2] C.A. Van Blitterswijk, T.T. Grote, W.C. Kuypers, J.G. Blok-
Van Hoek, W.T. Deams, Biomaterials 6 (1985) 243.
[3] EH. Lin, GM. Luo, S.C. Cowin, J. Biomech. 26 (1993)
167.
[4] M. Nagas, Y. Abe, M. Chigira, E. Udagawa, Biomaterials 13
(1992) 172.
[5] J.C. Perng, J.S. Lee, C.W. Huang, Thermochimica Acta 192
(1991) 29.
[6] J.S. Lee, C.K. Hsu, Thermochimica Acta 333 (1999) 115.
[7] C.P.A.T. Klein, Y. Abe, H. Hosono, K. de Grout, Biomaterial
5 (1984) 362.
[8] K. Matusita, S. Sskka, Bull. Inst. Chem. Res. Kyoto
University 59 (1981) 159.
[9] D.R. MacFarlane, M. Matecki, M. Poulain, J. Non-Cryst.
Solids 64 (1984) 351.
[10] A. Marotta, A. Buari, F. Branda, Thermochim. Acta 40 (1980)
397.
[11] H.J. Borchardt, F. Daniels, J. Am. Chem. Soc., 79 (1957)
41.
[12] K. Akita, M. Kase, J. Phys. Chem. 72 (1968) 906.
[13] E Piloyan, O. Ryabchica, I.V. O.S. Novikova, Nature 212
(1966) 1229.
[14] A.H. Kumar, R.R. Tummlar, Am. Ceram. Soc., Bull. 120
(1978) 217.
[15] A. Marotta, A. Buari, F. Branda, J. Mater. Sci. 161 (1981)
341.
[16] R.G. Duan, K.M. Liang, S.R. Gu, J. Europ. Ceram. Soci., 18
(1998) 1729.
[17]1 Y. Abe, T. Arachori, A. Naruse, J. Am. Ceram. Soc., 59
(1976) 487.
[18] Y. Abe, Phosphorus Res. Bull. 1 (1991) 317.
[19] A.L. Oilerira, J.M. Oliverira, R.N. Correia, M.H.V. Fer-
nandes, J.R. Frade, J. Am. Ceram. Soc., 81 (1998) 3270.
[20] A. Costantini, R. Fresa, A. Buari, F. Branda, Thermochim.
Acta 280/281 (1996) 273.



