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Compositional effect on the crystallization of the
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The determination of apparent activation energies for the crystallization of
P,0s5/B,03-containing cordierite-type glasses was conducted by non-isothermal differential
thermal analysis (DTA). Glass with excesses both of SiO, and Al,O3 has a higher activation
energy for crystallization. In addition to the main phase of a-cordierite, several other
phases (farringtonite, clinoenstatite, and forsterite) were detected in the fully crystallized
samples by the X-ray powder diffraction technique. The crystallization behavior for the
powdered glass was governed by the surface crystallization mechanism, which would not
change with composition. © 2001 Kluwer Academic Publishers

1. Introduction sively studied in the past [7—12]. For example, Amista
Cordierite (MgAI4Sis015) based glass-ceramics have et al. [9] studied the influence of the cordierite pri-
high potential of application in the electronic multi- mary composition on the phase formation. Watanabe
layer packaging because of their low dielectric con-and Giess [8, 9] prepared the glass composition of
stant and matching thermal coefficient of expansion tdVigSiOs-rich cordierite modified with small amount
single crystal silicon [1-3]. As well known that the (<0.5%) of BOs and BOj3 for crystallization inves-
sintering process for packaging of the selected matetigation. Rudolptet al.[12] studied the effect of 5
rial is very important in successfully developing glass-on the crystallization activation energy of the cordierite-
ceramic/copper substrates with desired electrical, thettype glass. Donald [12] has reported detailed thermal
mal, mechanical, and dimensional control propertiesanalysis of the crystallization kinetics of the cordierite
In forming the desirable glass-ceramic substrate mateglass. However, the effect of the constituent on the crys-
rials, a unique sequence of events is required to occuallization behavior of cordierite-type glasses has not
in forming a useful substrate [4]. Complete densifica-been evaluated.
tion of glass powder occurs at a temperature higher Detailed knowledge based on the chemical compo-
than 800C, below which the carbon (e.g., from the sition is essential for the industries, although the ef-
decomposition of the binders) can be efficiently re-fect of chemical composition on the glass properties
moved. Then the densified glass substrate would crysand crystallization might be predicted. On the other
tallize preferably around 900 to 93D in order to  hand, although a number of studies have been reported
be cofired with copper [4]. Through the formation of aimed specifically at examining the sintering and/or
low-expansionx-cordierite as the dominating crystal crystallization mechanisms of cordierite-bases glasses
phase and small amount of second phase, a prop§t3—-20], a more comprehensive data base is required
thermal-expansion match to single-crystal silicon carbefore a clearer understanding of the crystallization
be achieved [4]. Therefore, to optimize the sinterabilityprocesses can emerge.
of the glass-ceramic materials, it is essential to know In the present investigation, we are interested in un-
the crystallization behavior of the glasses. derstanding the crystallization behavior of the glasses
In the sintering of cordierite glass powders, nucle-with the composition in the primary cordierite phase
ation agents are not necessary present in the glageld containing small amount of,Ps and BO3. The
composition because crystallization can generally takerystallization kinetics of the glass was determined by
place by nucleation from the surface of the original par-means of non-isothermal DTA.
ticle. It was found that glass powders of the stoichio-
metric cordierite composition are difficult to densify 2. Experimental procedure
owing to their very narrow sintering range crystalliza- The glass composition studied lies in the cordierite pri-
tion stops the sintering [5]. Improving the sinterabil- mary phase field and all the samples containing addi-
ity of stoichiometric cordierite glass powders involvestional 2.5wt%RB0s and 2.5wt%BO3 (Table 1). These
either (1) the change of glass composition with moreglasses are distributed into three groups with excess
MgO and less AlO; or (2) the addition of sintering of one or two of the three components, MgO @4
aids such as#s and B0z [1, 6]. and SiQ. Glasses were obtained by melting a homoge-
Crystallization mechanisms aof-cordierite precipi- neous mixture of regent-grade Mg(QHBIO;, Al,Os,
tated from bulk and powdered glasses have been exte®,03; and POy at 1550C for 4 hours in a Pt crucible.
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TABLE | Composition and properties of the MgOR3-Si0;  summarized in Table I. Only one signal of exothermic

glasses ¢ =10°C/min). The stoichiometric composition is MgO: peak was observed for all samples from DTA scans

Al;03: Si0, =22:22:56. Additional 2.5 wt% d 2.5Wt%BO: :

e dd'% 6 glaseos ona %05 an “80s in the temperature range from 100 to 1000 Glass
transition temperaturdy, has been taken in the present

Sample  Composition(mol%) Ty T T T.—Ty  work as the extrapolated start and the extrapolated end

No. MgO:Al203:SIC, e (9 (© (O of the transition peak as in Fig. 1. The crystallization
AL 23:20:57 885 993 1025 108 e>_<otherm, Tc, is characterized by the exothermic peak
A2 23:21:56 884 985 1012 101 with a low temperature shoulder. It was found tﬁ-@t

A3 23:22:55 883 981 1009 98 decreased with the increasing ratio ohL@k/SIO; in

A4 23:23:54 880 980 1009 100 the group A glasses, MgO/#Ds in group B glasses,

B1 24:22:54 876 975 1000 101

and MgO/SiQ in group C glasses.

B2 23:23:54 880 980 1009 100 The viscosity data of three glass samples obtained as
B3 20:26:54 885 988 1005 103 . P

B4 18:28:54 890 1002 1023 108 afunction of temperature are shownin Fig. 2. Ithas been
C1 19:21:60 896 987 1011 91 known that viscosity represents one of the most impor-
c2 21:21:58 888 986 1015 98 tant properties for a quantitative interpretation of the
c3 23:21:56 884 985 1012 101 crystallization process. Numerous treatments of glass
C4 24:21:55 877 981 1016 105

viscosity as a function of temperature and composition

Ty =glass transition temperatur®, = crystalllization temperature,
To = ppeak temperature (as indicated in Fig. 1).

The melt with the Pt crucible was quenched into dis-
tilled water into the form of bulk beads. On the other
hand, bulk glass was obtained by pouring the melt into
a steel mold. These glass beads and bulk glass (witl
steel mold) were annealed at 5@for one hour and
cooled in the furnace. Glass powders were obtainec
by wet-ball milling the glass beads for 24 hours in =
PE bottles containing yttria-stabilized zirconia balls
and alcohol. The average particle sizes of the resulting
glass powders were measured with a particle size an
alyzer (Model MSE02SM, Malvern Instruments Ltd.)
and were in the range of 2.5-m. Non-isothermal
crystallization kinetics of the glass powders was stud- T T T T T T T T 1
ied using a Dupont TA-2000 system. All the powdered 700 800 900 1000 1100
samples were subjected to the same conditions for ki
netic analysis: heating rate= 10, 15, 20, 25C/min
and purge air flux=20 cm/min. Figure 1 Typical DTA curve of the glass with the heating rate of
Viscosity measurements were made using a beanto°c/min.
bending viscometer (Theta 7300). The viscosity was

Temperature (°C)

determined by measuring the rate of midpoint deflec- Temperature (K)

tion of a simply loaded glass beam in the 850 to

920°C temperature ranges. Samples of size 0.445 cn 1350 1325 1300 1275 1250 1225
(height)x 0.610 cm (width)x 4.180 cm (length) were 12.5 : : : ' '

cut from the annealed bulk glass. The span used wa
3.125 cm. The operation followed ASTM procedure
[21] and isothermal data was taken [22].

The glass powders were granulated with 5 wt% =
poly(vinyl alcohol) (PVA) and then were pressed into z
discs under a uniaxial pressure of 100 MPa. GlassQ.
ceramic samples were obtained by isothermal hea~—
treatments of the disc samples at 900n air. Phase
evolution in these disc samples was investigated by X-@ 44.5
ray powder diffraction using Cu-fKradiation. The crys- =
tallized samples were polished and given a light etch
with 2.5 M HF for 30 seconds. The morphologies of the
etched samples were examined by the scanning electro
microscopy (SEM). 11.0 T T T

0.74 0.76 0.78 0.80 0.82

3. Results and discussion 1000/T (K

3.1. Thermal properties of the glasses (K*)

Mean values for the DTA characteristic temperatureSigyre 2 viscosity behavior of A30), B2(#), and C2@) glasses de-
of the glass powder with heating rate of°@dmin are  termined by beam-bending method.

12.0
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have been made [23]. An Arrhenius-type equation wadigO lowersTy most while SiQ increasedy slightly
applied to obtained the activation enerdy, ] for vis-  and AbOz has the least effect oRy.
cous flow for a short temperature range: The effect of each constituent on the viscosity of the
glass can be explained by the number of non-bridging
E, oxygen in the glass network. Since the glass transition
logn =logno + =0+ (1) temperatureT,) mainly depends on the strength and
connectivity of the glass network, the structure change
wheren, is a constantR is the gas constant, aiddis ~ caused by increasing MgO, which acts as a modifier,
the absolute temperature. The average valug,afias  will thus result in a decrease ify as in group B and
determined to be about 411 kJ/mol by a least square fi€ glasses (Table 1). In the silicate glasses’*Ak be-
of logn versus the reciprocal temperature from meadieved to coexist with four and six coordination num-
surements of these glass samples as in Fig. 2. Since tihers [25]. The shortage of oxygen from the network
slopes for these glasses are very close, the activatiaconstruction by [AlQ] would convert the non-bridging
energy is assumed to be a constant for all composiexygen to bridging oxygens owing to valence com-
tion. Besides, the addtivity of constituent contribution pensation. However, [Alg) would behave more like a
to the value ofy, is also assumed. The assumptionsmodifier and cause a loose in glass network. The effect
and the determination of viscosity coefficients corre-of [AIO4] unit on the increase ofy would be lowered
sponding to the effect of additivity of constituent for by the [AlOs] unit.
the same glass system have been conducted by Geiss
and Knickerbocker [24]. Here, we adapt another way
to portray the relationship between viscosity and tem-3.2. Nucleation
perature. The viscosity at the glass transition temperThe procedure, which can be used for the determina-
ature {Ty) is assumed to be constant and the viscostion of nucleation rates via DTA experiments, has been
ity coefficients are determined by introduciiiginto  described by Ray and Day [26]. Typical DTA crystal-

Equation (1). lization exotherms with different heating rate are shown
in Fig. 4. Here, the nucleation rate was determined by
logn(Tg) = [M][CV] + E,;/2.3RTy (2)  the peak position method that the variatiorTgfwith

nucleation temperature could be employed for the com-
where [m] and [Cv] are the matrixes of the constituentspytation of the temperature dependence of the nucle-
(inmolar ratio) and viscosity coefficients, respectively. ation rate. Using either the isothermal Johnson-Mehl-
It was found that the viscosity &, which obtained  Ayrami equation [27] or the modified non-isothermal
form the non-isothermal DTA measurement, is abousplid-state phase transformation theory [28] leads to a
10'%° Pas. relationship between th&, and the number of nuclei
The computed viscosity coefficients, Cv, were per unit volumeN, in a glass as
—0.0.093-0.0555, and-0.0322 for MgO, A}O3 and £
SiO,, respectively. The largest difference between a _ =
calculated and a measurg&glwas less than 3 degrees. nN(T) =Ing + RT, +constant ®)
Fig. 3 shows the effect upon of adding up to 10 mole% of ) ) , L
each constituent in turn to the stoichiometric cordieriteVN€re¢ is the heating ratek: is the activation energy
or crystal growth, andr, is the nucleation tempera-

composition according to Equation 2 and confirms thaf . .
ture. The value ofN is assumed proportional to the

nucleation temperature. Fig. 5 shows the relationship
for the A3 glass nucleated at different temperature

1180 - .
for 3 h. It was found that the value of T is essen-
1170 Sio, !
Cc2
1160 - 8ad T
) 53 20°C/mi I
¥ *Clmin 25°Cimin
= 11501 a3 ca Al03 4 ™
B B1 o 15°C/min /
1140 ~ £
o
= 10°C/min
1130 MgO 2
11
1120 T T T T 1 P:
<
0 2 4 6 8 10
mole% added 940 980 1020 1060 1100
Figure 3 The effect of each constituent upon glass transition temperaturt Tem perature,°C

as calculated using Equation 2. Some data points are also shown in the
figure. ®@: Glass with nearly one excess constitughtGlass with two Figure 4 Typical DTA crystallization exotherms for the C2 glass with
excess constituents. different heating rate.
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0.80 line, from which the activation energk,, and the fre-
quency factory, can be determined from the slope and
intercept, respectively.
0.79 ® The corresponding non-isothermal activation energy
plots of group A glasses from Equation 2 are shown
in Fig. 6. The values of the activation energies and
0.78 frequency factors for crystallization of all glass sam-
ples by the non-isothermal methods are summarized in
Table Il. It is found that the activation energy increases
significantly with the decreasing ratio of MgO/&b;
Ty (A3) in group B glasses and MgO/Si@n group C glasses,
whereas only a small variation & was observed in
l group A glasses. Similar trend in the variation of fre-
0.76 — T ' I ' ' guency factor was observed in these glasses.
800 900 1000 1100 1200 To reconfirm the surface crystallization mechanism
Ta (K) for present glasses, values of the Avrami parameter (
were evaluated from the non-isothermal data using an
Figure 5 Inverse ofT, for the A3 glass as a function of the nucleation expression derived by Piloyaat al.: [37]
temperatureT,). T, was obtained from the DTA-curve with the heating

rate of 1°C/min. M _ _E
dayT) — R

1000 / T, (K ™)

0.77

(5)
tially constant until the glass is nucleated above 700
Fig. 5 further shows that the temperature where theyhere (A\y) is the vertical displacement at tempera-
nucleation can occur in the A3 glass ranges from 70Qure T of the DTA crystallization exotherm from the
to 850C and the maximum nucleation rate helds atpaseline. Equation 5 is valid only when the crystal-
Tmax= 815+ 10°C. lized volumeislessthan 0.2. The corresponding Avrami
Zanotto shows that, for homogeneous nucleation, theonstant plots of group A glasses from Equation 5 are
calculated values Ofmax are also close td@g, in agree-  shown in Fig. 7 and the values of Avrami constant were
ment with James's observations; it was also demongjven in Table Il. The crystallization mechanism of
strated that the reverse also applies, ie. if the predicategbrdierite is verified as surface crystallization mech-
Tmax falls below Ty, only surface (heterogeneous) nu- anism with then value of near 1
cleation is observed [29, 30]. In the present study, crys- Clearly the difference in the crystallization parame-
tallization behavior of the cordierite-type glass might beters apparently arises from the variation of the chemi-
classified as surface nucleation sinceTifg(~815'C)  cal composition. The overall activation energies in the
is somewhat belowW, (~880°C). This confirms the ob- present study are in the range 397-506 kJ/mol. Com-
servations by other people who have demonstrated th@farison with the cordierite glass, the crystallization rate
the crystallization for the cordierite-type glasses occurgf some aluminosilicate glasses has been reported to be
from the glass surface toward the inside by the surfacerelatively slow and mass transport through the glass to
nucleation mechanism [11, 12, 31]. As we know thatthe growing interface is usually rate-controlling [8, 10].
Zanotto and James dealed with stoichiometic crystalas the crystal front grows into the glass, it rejects any
lization only. The failure of the present glasses with lowimpurities or excess constituent into intercrystalline
Tmaxto crystallize homogeneously may be attributed to
their particular small steady state nucleation rate [29].
Non-stoichiometic composition and other factors (e.g., 12.25 -

secondary phases, phase separation,..) can have the
fluence on the nucleation rate.
12.00
3.3. Crystallization kinetics S 11.75
The crystallization kinetic parameters were evaluatec,?a_
by means of the thermoanalytical techniques based 0 =
the well-known equation [32, 33]: £ 11.50
E E
2 _ C Cc
In(Tp/¢) _In(ﬁ> —Inv+ RT, 4) 11.25 -
whereT, is the peak temperature of the crystallization
| | | | |

exotermg is heating ratek. is the activation energy for 11.00
crystallization. This equation is based on the Johnson 074 075 0.76 077 078 079
Mehl-Avrami isothermal kinetic model [34, 35], which 1000/T (K'1)

was extended for use in non-isothermal methods by

AUgiS and Bennett for surface crystallizatiam:é 1) Figure 6 The plot ofln(l'pz/¢) versus the reciprocal crystallization peak
[36]. A plot of In(Tp2/¢) vs. 1/ Ty should be a straight  temperatureT,. ®:X =A1,0 :X =A2, #:X =A3, O:X = A4
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TABLE Il Crystallization kinetic parameters for the glasses as deter-
mined by non-thermal DTA

Sample No. Eg Frequency factor Avrami parameter
(Excess component) (kJmd) v (sec’l) n
Al (Mg,Si) 425 37 x 1013 1.1
A2 (Mg,Si) 411 16 x 103 1.2
A3 (Mg,Al) 409 14 x 1018 1.0
A4 (Mg,Al) 404 12x 104 1.1
B1 (Mg,Al) 378 85 x 101! 1.3
B2 (Mg,Al) 404 12 x 10* 1.1
B3 (Al,Si) 487 27 x 10%7 1.2
B4 (Al,Si) 506 82 x 108 1.2
C1 (Al, Si) 465 63 x 107 1.2
C2 (Si) 422 17 x 104 1.1
C3 (Mg,Si) 411 16 x 10%3 1.3
C4 (Mg, Si) 389 42 % 102 1.0

#:4£5kJ/mol *:£0.2.

0 -

In (ay)

-4 | | i | | 1

0.78 0.79 0.80 0.81
1000/T (K

Figure 7 The plot of In(AT) against IT for ¢ = 10°C/min. @:X = Al,
O X=A2, :X=A3,O0:X=A4

regions. Since $t and APt ions have higher field

strength and large ionic size than Kigion, it should

be more difficult to reject St or AI** ion than reject

Mg?* from the crystal front. Besides, the glass struc-

ture becomes more connective and rigid with increas-

ing the amount of $i* and AP ions. The latter can ©

largely decrease the number of non-bridging OXYQ€rEigure 8 SEM photographs of Al glass heat treated at the’@0fr

by forming [AlO4] unit. The relative high activation (a) one hour, (b) three hours, (c) four houfs.glass,0: cellular grain,

energies of sample B3, B4 and C1, therefore, are at-: pore.

tributed to the excess of both*Siand APt ions, the

network formers. On the other hand, the relative low

activation energies of B1 and C4 are from the exces#ix have been etched more heavily than other regions.

MgO in the glass matrix. Much comparative low acti- These boundaries are examined to be the surfaces of

vation energies of crystallization obtained by Rudolphthe original glass particles.

et al. and Watanabet al, therefore, are attributed to ~ Fig. 9 shows the typical X-ray powder diffraction

the considerable excess of MgO [8, 11]. patterns of the glass sample Al, heat treated at differ-
ent temperature. Phases were identified using JCPDS
cards 13-293 for a-cordierite, 25-1372 for farringtonite

3.4. Crystallization phases (3MgO-P,05), 19-769 for clinoenstatite (MgSK), and

Fig. 8 shows the microstructure of the compacted glas21-1260 for forsterite (MgSiO,). These phases all pre-

Al heated at 90T for different duration. Typical cellu- cipitate at the initial stage of crystallization as observed

lar growth ofa-cordierite is observed that comes from at lower annealing temperature-§50°C). However,

the interface-controlled diffusion process. The inter-a-cordierite became to be the main crystalline phase at

facial boundaries between the crystal and glass maiigher temperatures (900 and 98).

127



s TABLE Il Relative intensity of the crystallized phases in the samples
= which was heat treated at 98D for 4 hours
3
o s ovg S Sample No.
S o T {d) 950°C/4h (excess component) Ix1o0)/laroo)  lc@10/ leaoo)  1F31y/ | y100)
(&)
Y oi, o AL(Mg,Si) 0.05 0.25 0.22
000 00 o900 o0 A2(Mg,Si) 0.04 0.23 0.19
A3(Mg,Al) 0.04 0.08 0.09
A4(Mg,Al) 0.03 0.05 0.06
. B1(Mg,Al) 0.04 0.08 0.09
E (c) 800°C/4h B2(Mg,Al) 0.04 0.05 0.06
8 B3(Al,Si) 0.02 0.02 0.04
g J B4(Al,Si) 0.02 <<0.01 <<0.01
-‘g C1(AlSi) 0.02 0.07 0.05
c C2(Si) 0.02 0.11 0.10
2 C3(Mg,Si) 0.04 0.23 0.19
£ o® ilo (b) 850°C/4h C4(Mg,Si) 0.05 0.24 0.23
. oY
a:a-cordierite, f:farringtonite, C:clinoenstatite, F:forsteriteccuracy
in £5%.
(a) 800°C/ah
might result from the cellular growth efcordierite. As
T T T T T 1 the crystal front grows into the glass, it rejects any im-
10 20 30 40 50 60 purities such as4®s and B0z and excess constituent
elements into the intercrystalline regions. Therefore,
Two Theta, degree minor phases such as farringtonite, clinoenstatite, and

. , _ forsterite would form at the intercrystalline regions.
Figure 9 XRD powder spectra showing the phase evolution of the

glass sample Al heated at 98D for four hours.O :«-cordierite,
@:farringtonite,V:clinoenstatite, an® : forsterite.

4. Summary

Crystallization kinetics of FOs/B,O3-containing

Table Ill shows the relative intensity of the represen-cordierite based glass powder was studied by non-

tative peak of each phasedecordierite phase for the isothermal differential thermal analysis (DTA). The
samples heated at 93D. Itis found that the relative in-  crystallization mechanism of the cordierite-type glass
tensity of farringtonite phase is nearly independent orpowder was governed by surface crystallization from
the composition of the glass. On the other hand, botlihe origin particle surfaces based on the n values of
the relative intensities of clionenstatite and forsteritenear onec-cordierite with several minor phases (far-
phases decrease with the increasing ratio 0AISiO,  ringtonite, clinoenstatite, and forsterite) were detected
in group A glasses, AD3/MgQ in group B glasses, and in the annealed samples. The XRD results show the
SiO,/MgO in group C glasses. The volumes of theseeffective parameters to be of a complex crystalliza-
minor phases after crystallization process are assoction process. Cellular crystal growth morphologies of
ated with the constituent of glass. Excess Mg and Si ire-cordierite crystals in the glass observed by SEM.
the glass would favor the formation of Mg-Si-O based
phases such as clinoenstatite and forsterite crystals as
seen in Table Ill. The limitation of the formation of far- Acknowledgment
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