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The effect of P,05, B,O3 and PbO additives on the sintering and crystallization behaviour of
B.quartz solid solution gahnite glass-ceramics were investigated. According to our results,
only the addition of PbO to glasses produces sinterable glass-ceramics containing B.quartz
solid solution and gahnite as the sole crystalline phases, respectively. The nucleation
mechanism of the glasses were determined by the Ozawa equation and their activation
energy for crystallization were determined by the modified form of the Kissinger, Matusita
and Marotta equations. The results indicate that the better sinterability of the lead bearing
B.q.ss glass-ceramic than the lead free one could be explained by changes of bulk to surface
nucleation and increase of its activation energy for crystallization. At the other hand, it could
not be observed any differences between the nucleation mechanism and the activation
energy for crystallization of the lead bearing and lead free gahnite glass-ceramics. Then the
differences in sinterability of the two glass-ceramics could not be explained by comparison
of theirs activation energy for crystallization. © 2001 Kluwer Academic Publishers

1. Introduction onset of their crystallization peak temperatures. Ac-
While the crystallization of bulk glasses based on thecordingly, the addition of various amounts 0®s,
Zn0-Al,03-Si0, system has been investigated exten-P,Os and PbO to the above-mentioned glass system was
sively [1-6], the sintering-crystallization route for pro- considered.
duction of glass-ceramics in this system has attracted These oxides are known to lower the viscosity of sil-
little attention. icate glasses. There are some reports about the effect of
The aim of this investigation was preparation of B,O3[8,9,11-13], ROs[8, 9, 13]and PbO[11, 14] ad-
B.quartz solid solutionf.q.sg) and gahnite (ZnAlO,)  ditives on the sintering of magnesium aluminosilicate
glass-ceramics with compositions located in the abovend lithium aluminosilicate glass-ceramics. But to our
system by sintering of compacted glass powders. lknowledge the effect of these additives on the sinter-
is known that the crystallization usually prevents theing and crystallization behaviour of ZnO-AD3-SiO;
complete densification of glass powders [7—10]. Ac-glasses has not yet been reported.
cording to previous claims [7], glass compositions de-
veloped for production of bulk glass-ceramics are not
suitable for the sintering route. If these glasses are finel2. Experimental procedure
ground and compacted again, every particle will crys-2.1. Glass prepartion
tallize in its volume separately and its crystallization The glasses were prepared by fusing reagent-grade
will result in an infinite increase in viscosity excluding chemicals in a platinum crucible f@ h at1480C
proper sintering. On the other hand, glasses which ari an electric furnace. The molten glasses were then
usually capable of surface crystallization may be sucguenched in cold distilled water. The chemical compo-
cessfully sintered before or simultaneously with crys-sitions of the glasses are displayed in Tables | and Il.
tallization. In this case although every particle crys-Glass A was prepared by addition of 2 wt%0i to
tallizes from its surface, the significant surface areaa composition reported as suitable for production of
of ground material ensures volume fine crystallization.3.q.ssglass-ceramics. Glass B was also prepared by re-
At the other hand, phase transformationfofiss and  placing ZrQ with TiO, in the original glass. The effect
gahnite crystalline phases to higher temperature cryssf individual amounts of PbO, s and B,O3 on the
talline forms, e.g., gahnite in the case @fgss and  sintering behaviour of the glasses were examined by ad-
cristobalite in the case of gahnite glass-ceramics, limdition of 5, 10 and 15 wt% of these oxides as a replace-
its the sintering temperature of the glasses to about theent for ZnO or directly to the total composition for
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TABLE | Chemical composition of glasses after addition of Pb@DBand BOs3 into glass A

glass SiQ Al»,03 Zn0O Zro, LioO As;O3 PbO B O3 P,Og

A 4557 22.78 22.78 6.37 2 0.49 — — —

A PbO5 45.57 22.78 17.78 6.37 2 0.49 5.00 — —

A PbO10 45.57 22.78 12.78 6.37 2 0.49 10.00 — —

A PbO15 45,57 22.78 7.78 6.37 2 0.49 15.00 — —

A PbO17.5 4557 22.78 5.28 6.37 2 0.49 17.50 — —
A B>035 45.57 22.78 17.78 6.37 2 0.49 — 5.00 —

A B20310 45.57 22.78 12.78 6.37 2 0.49 — 10.00 —

A B,0315 45.57 22.78 7.78 6.37 2 0.49 — 15.00 —

A P>0s5 45.57 22.78 17.78 6.37 2 0.49 — — 5.00
A P,0510 45.57 22.78 12.78 6.37 2 0.49 — — 10.00
APO15 45.57 22.78 7.78 6.37 2 0.49 — — 15.00

TABLE Il Chemical composition of glasses after addition of Pb@DBand BOs into glass B

Glass SiQ Al>,03 ZnO TiO AspO3 PbO BO3 P,Og

B 46.50 23.25 23.25 6.50 0.50 — — —

B PbO5 44.17 22.09 22.09 6.17 0.47 5.00 — —

B PbO10 41.85 20.92 20.92 5.85 0.45 10.00 — —

B PbO15 39.52 19.76 19.76 5.52 0.42 15.00 — —

B PbO17.5 38.36 19.18 19.18 5.36 0.41 17.50 — —
B B>O35 44.17 22.09 22.09 6.17 0.47 — 5.00 —

B B»0310 41.82 20.92 20.92 5.85 0.45 — 10.00 —

B B,0315 39.52 19.76 19.76 5.52 0.42 — 15.00 —

B P,Os5 44.17 22.09 22.09 6.17 0.47 — — 5.00
B P,Os510 41.85 20.92 20.92 5.85 0.45 — — 10.00
B P,Os515 39.52 19.76 19.76 5.52 0.42 — — 15.00

glass A and B, respectively. In the case of PbO, a 17.3. Results and discussion
wt% addition also was made in the above-mentionediccording to the experimental results, crystallization of
manner to both glasses. a compacted glass powder during sintering increases its
viscosity and therefore prevents the complete densifica-
tion of the body. Thus it seems thatthe optimum temper-
2.2. Methods of analyses ature for sintering of a compacted glass powder, which
The glass frits were ground in an electric hard porceis susceptible to crystallization, is the onset of its crys-
lain mortar fo' 4 h and then ball-milled for 18 h. The tallization peak temperature at which the rate of viscous
particle size measurements of the powdered glassd®w is higher than the rate of nucleation and growth of
which were carried out by a laser particle size analysethe crystalline phase. Figs 1la—c and 2a—c depict the
(Fritsch, Analysete 22) showed a mean particle sizddTA curves of the glasses A and B containing various
of 1.5-3.0um . The dilatometric softening poinT{), = amounts of BO3, P,Os and PbO, at a heating rate of
the onset of the crystallization peak temperatifg) ( 10°C min~?, respectively. Tables Ill and IV show the
and the maximum crystallization peak temperatiitg (  characteristic temperatures of the glasses obtained from
of the glass powders were determined by Differentialthe above DTA results. Figs 3 and 4 depict the linear
Thermal Analysis (polymer laboratories, model 1640)shrinkages of the two series of glasses after sintering at
using 20 mg af glass powders in a platinum crucible inthe onset of their crystallization peak temperatures for
an air atmosphere with a heating rate of@Onin~t. 60 min. According to these figures while the addition of
DTA was also used to obtain the nucleation mechanisnB,03, P,Os and PbO improves the sinterability of glass
and the activation energy values for crystallization ofA, the sinterability of glass B can only be improved by
glasses by using the Ozawa [15], Marotta [16], Matusitaaddition of PbO. With attention to the Figs 1 and 2
[17] and modified Kissinger [18] methods at heatingand Tables Il and IV it can be concluded that the im-
rates of 10, 20, 30 and 40 min—*. The glass powders provement of sinterability of the glasses are associated
were mixed with 0.45 wt% carboxy methyl cellulose with a) the shift of the crystallization peak temperatures
and cold-pressed using a laboratory uniaxial hydraulido higher temperatures, b) increase in the temperature
press into 5% 15x 4 mm rectangular bars at initial interval between the dilatometric softening point and
and final pressures af 10 and 40 MPa, respectively. the onest of the crystallization temperature and, in the
The effect of BO3, P,Os and PbO on the sinterabil- case off.q.ss glass-ceramic, ¢) a decrease in the DTA
ity of the glasses was investigated by sintering them fopeak intensity. It seems that the increase of crystal-
60 min at the onset of their crystallization peak tem-lization temperature and widening of the temperature
peratures with a heating rate of"4Dmin~! in an elec- interval between dilatometric softening point and the
tric furnace. The crystalline phases precipitated duronset crystallization temperature improves the sinter-
ing sintering were identified by XRD (Siemens, model ability via providing more opportunity for viscous
D-500). flow of glasses. The increase of activation energy for
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Figure 1 (a) DTA curves of glass A containing various amount ofJB, at a heating rate of 2& min1; (b) DTA curves of glass A containing
various amount of FOs, at a heating rate of 2C min—1; (c) DTA curves of glass A containing various amount of PbO, at a heating rate’6f 10

min~1.

TABLE 111

various amounts of PbO,,®3 and BOs, respectively

Characteristic temperaturedQ) of glass A containing

glass Ts To T To-Ts
A 680 775 831 95

A PbO5 690 785 813 95
A PbO10 695 825 855 130
A PbO15 700 815 847 115
A PbO17.5 675 838 867 163
A Bo,O35 680 785 855 105
A B,0310 655 810 885 155
A B,0O315 655 830 915 175
A P,0Os5 705 775 817 70

A P,0O510 715 830 868 115
A P,0s515 715 840 894 125

TABLE |V Characteristic temperature¥Q) of glass B containing

various amounts of PbO,,B3; and BOs, respectively

glass Ts To Tc To-Ts
B 725 775 823 50
B PbO5 724 800 837 76
B PbO10 725 795 846 70
B PbO15 700 820 847 120
B PbO17.5 695 820 858 125
B B,O35 710 800 846 920
B B,0310 715 780 806 65
B B,0315 720 760 782 40
B P,Os5 700 790 865 20
B P,O510 670 830 790 60
B P,O515 620 680 780 60

crystallization of the glasses which shows itself as a
decrease in peak intensity in the DTA experiments,
might be the other factor affecting the sinterability of the
glasses.

XRD results of the heat treated glasses indicate that
the addition of PbO and ®s to glass A and PbO
and BOs to glass B produces glass-ceramics contain-
ing B.9ss and gahnite, as the sole crystalline phases,
respectively. According to our results [10], tifeq.ss
and gahnite crystallized at about 7@0in both glasses,
APbO17.5and BPbO17.5, and were thermaly stable re-
spectibvely up to 820 and 900. After that a new crys-
talline phase appeared in each sample of lead alumi-
nosilicate in APbO17.5 and cristobalite in BPbO17.5,
respectively.

In addition, as the sintering behaviour of the glasses
A and B improved similarly by the addition of PbO,
the glasses APb0O17.5 and BPbO17.5 adopted for sub-
sequent calculations.

Accordingly, the nucleation mechanism and the ac-
tivation energy for crystallization of the glasses A,
APbO17.5, B and BPbO17.5 were calculated and com-
pared with each other. The nucleation mechanisjn (
was determined by the Ozawa equation:

[d In(—In(1 — x))/d Ina]t = —n

Wherex is the volume fraction crystallized at a fixed
temperature T) when heated at a heating rate @of
and is determined through the ratio of the partial area
at a certain temperature to the total area of a DTA
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Figure 2 (a) DTA curves of glass B containing various amount 0B, at a heating rate of 2C min—1; (b) DTA curves of glass B containing various
amount of BOs, at a heating rate of 2€ min—1; (c) DTA curves of glass B containing various amount of PbO, at a heating rat€ Gfrhih 1.
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Figure 3 The linear shrinkage of glass A containing various amount of Figure 4 The linear shrinkage of glass B containing various amount of
PbO, BO3 and BOs. PbO, BO3 and BOs.

480



 Ln-Ln(-x) ceramic powder does not depend on the crystallization
mechanisms.

1 Activation energy for crystallization of the glasses
. were determined by the modified form of the Kissinger,

Matusita and Marotta equations:

Ln(an/Tc?) = —mEc/RT, + const
(modified Kissinger)

—— A —+ APLO17.5

. 3.2
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2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 0

Lne r

i I —+8PbO17.6 K B

Figure 5 The Ozawa plot for the A and APbO17.5 glasses.
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) Figure 8 The modified Kissinger plots for the B and BPbO17.5 glasses.
-5 Il 1 1 1 1 1 1 1

2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

Lnix
Ln[-Ln(1-X))]

Figure 6 The Ozawa plot for the B and BPbO17.5 glasses. 8
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6

crystallization exotherm. When surface crystallization .
dominatesn =1, and when crystallization occurs dom-
inantly in the bulkn = 3. Figs 5 and 6 show the Ozawa ?
plot for the A, APbO17.5, B and BPbO17.5 glasses, ,f
respectively. Then values determined according to
this procedure were 3, 1, 3 and 3 for the glasses Az}
APbO17.5, B and BPbO17.5, respectively. Thus it car
be concluded that the crystallization in the glasses A, E*
and BPbO17.5 occur dominantly in the bulk, whearesir.g . . ; , . . I
the glass APbO17.5 surface crystallization dominates 84 8> 86 &7 88 88 9 91 92 93

T

These results are not consistent with Rabinovich re- W
sults [7] and indicates that the sinterability of glass- @
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Figure 9 (a) The Matusita plots for the A glass; (b) The Matusita plots
Figure 7 The modified Kissinger plots for the A and APbO17.5 glasses. for the APbO17.5 glass.
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1.052nE. Lna

Ln[—Ln(1 —X)] = —nLna — + const ¢
RT :
(Matusita) s v\\f\«
E 0
Lha = — R + const  (Marotta) sl I

C

WhereEg, T¢, R, andmindicate the activation energy zr
for crystallization, crystallization peak temperature at
a heating rate o#, the gas constant and the dimen- ;|
sionality of crystal growth, respectively. The value of

Ln[-L.n(1-X)]

== 10°C/min + 30°C/min % 40°C/min
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Figure 10 (a) The Matusita plots for the B glass; (b) The Matusita plots

for the BPbO17.5 glass.
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9
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Figure 11 The Marotta plots for the A and APbO17.5 glasses.
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Figure 12 The Marotta plots for the B and BPbO17.5 glasses.

TABLE V The activation energy for crystallization of the glasses

E (kj/mol)
glass n m Marrota Matusita modified Kissinger
A 3 2 301.6 303.5 370.5
APbO175 1 1 373.7 309.5 392.0
B 3 2 259.6 323.0 381.0
BPbO175 3 2 260.0 359.0 381.0

m is related ton as:m=n when crystallization at dif-
ferent heating rates occurs on a fixed number of nuclei
(in other words the number of nuclei is constant during
the DTA runs at different values of) andm=n—-1
when nucleation occurs during the DTA runs [17]. In
this work, as we did not consider any nucleation step be-
fore DTA runs and sintering experimenis,should be
equal ton — 1. Figs 7—12 depict the modified Kissinger,
Matusita and Marotta plots for the A, APbO17.5, B
and BPbO17.5 glasses, respectively. The activation en-
ergy for crystallization of the glasses determined from
above-mentioned methods are summerized in Table V.
It can be seen that while there are no difference be-
tween the activation energies for crystallization of the
two gahnite glass-ceramics, the activation energy for
crystallization of glass APbO17.5 is higher than glass
A (as determined by different methods).

Therefore the better sinterability of lead bearing
B.gssand gahnite glass-ceramics as compared with the
lead free glass-ceramics can be explained by increase
in peak temperature for the crystallization exothermic
effect and peak broadening, indicating suppression of
devitrification propensity.

4. Conclusions

1. Addition of B,O3, P,Os and PbO improves the sin-
terability of 8.q.ss glass-ceramics. The sinterability of
gahnite glass-ceramic can only improve by addition of
PbO.

2. The improvement of sinterability of the glasses by
additives are associated with a) the shift of the crys-
tallization peak temperatures to higher temperatures,
b) increase in the temperature interval between the
dilatometric softening point and the onset of the



crystallization temperature and, in the casefddss 6.
glass-ceramics, c¢) a decreased in the DTA peak
intensity.

3. Whereas the improvement of sinterabilitydof| ss
glass-ceramic by addition of PbO were associated by

an increase in the activation energy for crystallization s.

and a decrease in the crystallization mode, the addition

of PbO into the gahnite glass-ceramic does not change$-

the above mentioned parameters.
4. The activation energies for crystallization of the

sinterableB.q.ss glass-ceramic calculated by Morotta, 11.

Matusita and modified Kissinger methods were 373.7,
309.5 and 392.0 kJ/mol, respectively. The activation ent
ergies for crystallization of the sinterable gahnite glass;
ceramic calculated by the above-mentioned methodsg,
were 260.0, 359.0 and 381.0, respectively.
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