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The crystallization kinetics of a glass based on the 
cordierite composition studied by DTA and DSC 

I. W. DONALD 
Atomic Weapons Establishment, Aldermaston, Berkshire, UK 

The crystallization kinetics of a glass based on the cordierite composition have been studied 
by DTA and DSC. Crystallization has been observed to be very dependent on the particle size 
of the glass employed, indicating a strong dependence on surface crystallization. For coarse 
particle sizes (eg. 600-1000 pm) a single crystallization exotherm is obtained, corresponding 
to the formation of ~-cordierite. For smaller particle sizes (eg _< 212 I~m) two distinct 
crystallization exotherms are resolved corresponding to the initial formation of metastable 
~-cordierite, followed by its transformation at higher temperatures to the :x-cordierite phase. 
Activation energies for crystallization have been determined for different particle sizes of 
glass using a number of isothermal and non-isothermal methods, and the results compared. 
In general, agreement between DTA and DSC, and the various methods employed, is good, 
although the isothermal methods appear to reflect more strongly the early crystallization 
processes, i.e. they relate more closely to the activation energy for the formation of the 
i~-cordierite phase. A value for the activation energy corresponding to structural relaxation 
at temperatures around the glass transition has also been determined for this cordierite 
glass. 

1. Introduction 
Cordierite glass-ceramics are interesting candidates 
for a number of elevated temperature applications 
where good high temperature creep resistance coupled 
with a high resistance to thermal shock are required 
[1-3]. These materials are, however, difficult to pre- 
pare using conventional glass-ceramic techniques be- 
cause of the refractory nature of the starting glasses. 
Attempts at using sintering routes employing glass 
powders as the starting material have therefore been 
reported [4-17]. Unfortunately, success has been lim- 
ited because surface crystallization of the powders 
occurs, which inhibits the sintering process, before 
adequate densification has taken place. Although sin- 
tering performance can be improved by incorporation 
of suitable fluxing agents, eg. B203 or P205, or by 
using MgO-AlzO3-SiOz glass compositions of lower 
softening point than stoichiometric cordierite, the 
high temperature properties of the resulting glass- 
ceramics are normally impaired. Ideally, for the prep- 
aration of refractory cordierite glass-ceramics of near 
theoretical density, surface crystallization needs to be 
suppressed, whilst controlled bulk crystallization of 
a densified compact should be enhanced. It is there- 
fore important, in the first instance, to gain a thorough 
understanding of the processes involved in the crystal- 
lization of these materials. Although a number of 
studies have been reported aimed specifically at 
examining the sintering and/or crystallization 
mechanisms of cordierite-based glasses [4-23], and in 

determining the kinetic parameters [24-29], a more 
comprehensive data base is required before a clearer 
understanding of the crystallization processes 
can emerge. In the present investigation, the crystalli- 
zation kinetics of a magnesium aluminosilicate glass 
of composition close to that of stoichiometric 
cordierite were examined by differential thermal anal- 
ysis (DTA) and differential scanning calorimetry 
(DSC). The results are reported and discussed in this 
paper. 

2. Glass composition and preparation 
The composition of the glass used in the present in- 
vestigation is given in Table I. The glass was prepared 
at Schott Glaswerke, Mainz, Germany, by melting the 
constituent oxides in a 30 1 Pt pot for 1 h at 1700~ 
Due to the low viscosity of the glass at this tempera- 
ture, homogenization occurs by convection without 
stirring. Thin glass ribbons were produced directly 
from material held in the pot by quenching through 
cooled rollers; these ribbons were used in the as-re- 
ceived, un-annealed state for the present DTA and 
DSC investigations. Due to the influence of thermal 
shock during production, the ribbons were received in 
the form of small crazed pieces which were easily 
broken into small particles. The work currently 
reported was performed using ribbon from a single 
melt. 
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T A B L E I Composition of the glass used in the present investiga- 
tion 

MgO A1203 SiO2 
(wt %) (wt %) (wt %) 

Analysed composition 14.6 33.2 52.3 
Stoichiometric cordierite 13.78 34.86 51.36 

3. Thermal analysis investigations 
3.1. Sample preparation 
The as-received broken glass ribbons were lightly 
crushed and then sieved to produce different size frac- 
tions of "as-quenched" glass powder suitable for DTA 
an.d DSC analysis. No further treatment was given to 
this glass. 

3.2. Differential thermal analysis 
Differential thermal analysis was performed employ- 
ing a Stanton Redcroft DTA Model 674 with an 
operating capability in air covering the range ambient 
to 1500~ The sample glass of weight 160 4-5 mg 
was contained in a Pt crucible. Alumina contained in 
a Pt crucible was employed as the reference material. 
The data were recorded by means of a chart recorder 
from which temperature was measured manually. 

3.3. Di f fe ren t ia l  s c a n n i n g  calorimetry 
Differential scanning calorimetry was performed em- 
ploying a Netzsch DSC Model 404; this too has an 
operating capability in air to 1500~ The sample 
glass of weight 30 • 1 mg was contained in a Pt pan; 
an empty Pt pan was used as the standard. Data were 
recorded using a computer-driven data acquisition 
system. 

3.4. Calibration of DTA and DSC 
3.4. 1. Temperature calibration 
Calibration was carried out over a range of tempera- 
tures employing high purity (99.999%) materials ap- 
proved by the Committee on Standardization of the 
International Confederation for Thermal Analysis 
(ICTA) [30,31], e.g. Ag2SO4, SiO2, K2SO 4 and 
BaCO3. 

The overall accuracy of the DTA was driven by the 
degree of accuracy to which temperatures could be 
measured from the chart recorder, i.e. ~ _+ 2 K. 
Within this limitation, calibration of the DTA was 
relatively insensitive to absolute temperature or heat- 
ing rate for rates <_ 10 Kmin  -1. For the DSC, tem- 
perature was recorded to 0.1 K, and temperature 
calibration was therefore more critical. Temperature 
calibration plots were prepared comparing the ICTA 
value for each calibrant as a function of the recorded 
instrument temperature for different heating rates. 
The overall accuracy of this instrument is expected to 
be within 4- 0.5 K. 

3.4.2. Heating rate calibration 
Heating rate, T, was controlled electronically with the 
DSC, and electromechanically with the DTA. The 
heating rate values set with the DSC were checked for 
accuracy by monitoring temperature as a function of 
time for a range of nominal heating rate values. Cali- 
bration plots of recorded heating rate as a function of 
measured heating rate were subsequently constructed. 
For the DTA, heating rate values were determined for 
each DTA run by measurement from the temperature 
chart. 

3.4.3. Enthalpy calibration 
The DSC was calibrated for enthalpy over a range of 
temperature using the same materials as were em- 
ployed in the temperature calibration, together with 
SrCO3 and Au. Appropriate literature enthalpy values 
were used [31]. Enthalpy measurements are expected 
to be accurate to within + 10%. 

4. Properties measured 
4.1. Characteristic temperatures 
In the present work, the temperatures associated with 
the glass transition, Tg, the start of crystallization, 
Tx,,,, the extrapolated start of crystallization, Tx,~ the 
crystallization peak, Tp, the extrapolated end of crys- 
tallization, Tx,oo,, and the end of crystallization, Tx,~,, 
were measured. A minimum of ten samples was em- 
ployed for each determination. 

4.2. Nucleating efficiency 
A preliminary assessment of the nucleating efficiency 
of a given glass system can be made using the method 
of Thakur and Thiagarajan [32] in which the vari- 
ation in peak crystallization temperature is monitored 
as a function of the glass particle size. In the present 
work, different particle size ranges were employed (i.e. 
< 45 gm; 45-212 tam; 212-600 ~tm; 600-1000 gm; 

and a single piece of weight ~ 30 mg and dimensions 
3 m m •  3 mm x 1.3 mm). If surface crystallization 

is the predominant crystallization mechanism, 
a strong dependence of crystallization peak tempera- 
ture on particle size would be expected. If, on the other 
hand, bulk crystallization predominates, there should 
be little variation in peak temperature with particle size. 

4.3 Enthalpy of crystallization 
The enthalpy of crystallization of samples of the cor- 
dierite glass (weighed to an accuracy of +_ 0.02 mg) 
was measured by peak area integration employing the 
DSC software. A standard particle size of 
600-1000 gm was used for these determinations at 
a heating rate of 10 ~ min-  1. 

4.4. Optimum nucleating temperature 
It is possible, using a method developed by Marotta 
et al. [33-36], to determine by thermal analysis 
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whether or not "nucleation" at a given temperature 
enhances the bulk crystallization characteristics. In 
this technique, the difference in peak crystallization 
temperature, AT, between as-quenched and "nu- 
cleated" glass samples, AT = T ~ - T p ,  is plotted 
against the temperature of nucleation, T,,c. If nuclea- 
tion is effective, a maximum in AT vs T,,c is obtained. 
In the present work, a standard glass particle size of 
600 to 1000 gm was employed and samples were nu- 
cleated in situ in the DSC for 1 h in the temperature 
range ~ 860 to 960 ~ Peak crystallization temper- 
atures were monitored by heating the samples through 
the crystallization range at 10 ~ min-  1 

4.5. Activation energy for crystallization 
Many different methods can be used for estimating the 
activation energy of a process, e.g. crystallization of 
a glass, but care is required in the choice of method 
and in the interpretation of data obtained [37-40]. 
It should also be noted that values determined for 
activation energy may be compound values (corres- 
ponding, for example, to nucleation and growth pro- 
cesses, or overlapping of two or more crystalline 
phases) rather than specific to a single process. Tech- 
niques can be broadly classified into isothermal and 
non-isothermal methods. 

4.5. 1. Isothermal methods 
In general, isothermal methods are related through 
application of the Johnson-Mehl-Avrami trans- 
formation kinetics equation [41-45] 

Fxa = 1 - exp(--  kt") (1) 

where Fxa is the fraction crystallized at a given tempera- 
ture in time t; k is the reaction rate constant; and n, the 
Avrami exponent, is a dimensionless constant which is 
related to the nucleation and growth mechanisms. The 
reaction rate constant, k, is related to the activation 
energy for the process, E, through the Arrhenius tem- 
perature dependence 

k = koexp( - E/RT)  (2) 

where, ko is a constant; R is the universal gas constant; 
and T is the (isothermal) absolute temperature. Tak- 
ing logs, equation [2] may be re-written as: 

in(k) = ln(ko) - E / R T  (3) 

Appropriate values of k are found experimentally by 
plotting the fraction crystallized, Fxa, against the iso- 
thermal hold time for a range of different tempera- 
tures. From these plots, the time to reach a given 
F~a can then be found for a range of F~a values. Values 
for k and n are then determined using the relationship 
(derived from Equation (1)) 

In{In[i/(1 - Fxa)]} = in(k) + nln(t) (4) 

and plotting In{in[i/(1 - Fxa)] } against ln(t) for dif- 
ferent temperatures. A plot of ln(k) against~ 1/T for 
different isothermal temperatures is subsequently used 
to determine a value for E. 
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In the present work, glass of standard particle size 
(600-1000 gm) was employed. The fraction crystal- 
lized was determined using the DSC from a know- 
ledge of the mean crystallization enthalpy of the cor- 
dierite glass (section 5.3) compared with the enthalpy 
change accompanying the isothermal heat treatment. 

Strictly speaking, this method is not necessarily 
valid for transformations involving nucleation and 
growth, including surface crystallization of glass, be- 
cause it assumes that a number of conditions are 
satisfied, which may not always be the case. For 
example, it is assumed that boundary conditions can 
be ignored (i.e. the system is infinite), that nucleation 
occurs uniformly and randomly, and that growth of 
particles terminates at their points of mutual contact 
but continues unrestricted elsewhere [37-40]. In the 
present work, only values corresponding to a limited 
range of Fxa were employed, e.g. Fxd = 0.2-0.5. This 
helps to minimize the influence of complicating factors 
which occur during the early and later stages of crys- 
tallization, e.g. in particular, restriction of crystal 
growth by the finite size of the glass particles. 

It has been suggested that a value for the activation 
energy for crystallization can also be determined using 
data relating the time required to crystallize a given 
fraction of glass, e.g. Fxd = 0.5, as a function of the 
temperature, using the expression [463 

d(lnt,/2)/d(1/T) = E/nR (5) 

From the slope of a plot of ln(tl/2) against 1/T, the 
value of E/n can be found. 

4.5.2. Non-isothermal methods 
Apparent activation energies for crystallization may 
be determined employing non-isothermal methods in 
which some characteristic of the crystallization peak, 
as determined by DTA or DSC, is monitored as 
a function of heating rate or temperature. For 
example, in the modified Kissinger method, as de- 
scribed by Matusita et al. [47-49], the crystallization 
peak temperature is monitored as a function of the 
heating rate; the following relationship is then applied 

ln(J'"/Tp 2) = --(mE/RTp) + constant (6) 

where 7 ~ is the heating rate, Tp is the peak crystalliza- 
tion temperature at a given heating rate, E is the 
apparent activation energy, R is the gas constant, and 
m and n are numerical factors which depend on the 
crystallization mechanism (m depends on the dimen- 
sionality of crystal growth). The parameters n and 
m can take on various values, as summarized in Table 
II. For the special case where surface crystallization is 
the predominant crystallization mechanism, and 
m = n = 1, Equation 1 reduces to the familiar Kissi- 
nger equation [50]. The activation energy is found 
from the slope ( - m E ~ R )  of a plot of ln(T"/Tp 2) 
against 1/Tp, on substitution of the appropriate 
values for n, m and R. 

An alternative related approach [47-49] employs 
the modified Ozawa method using the relationship 

ln(J ~} = - (mE/nRTp) + constant (7) 



TABLE II Determination of the activation energies for crystallization: values for numerical parameters n and m; after Matusita et al. 
[46-48] 

Crystallization mechanism n m 

Bulk crystallization with a constant number of nuclei 
(i.e. the number of nuclei is independent of the heating rate) 

three-dimensional growth of crystals 
two-dimensional growth of crystals 
one-dimensional growth of crystals 

Bulk crystallization with an increasing number of nuclei 
(i.e. the number of nuclei is inversely proportional to the heating rate) 

three-dimensional growth of crystals 
two-dimensional growth of crystals 
one-dimensional growth of crystals 

Surface crystallization 

3 3 
2 2 
1 1 

4 3 
3 2 
2 1 
1 1 

Equation 7 reduces to the familiar Ozawa equation 
[51] for the special case of n = m = 1. 

Another method has been employed by Marseglia 
[52] who has shown that a value for E / n  can be found 
employing the relationship 

ln(7~/Tp) = - ( E / n R T )  (8) 

With the Kissinger, Ozawa and Marseglia non-iso- 
thermal approaches for determining activation ener- 
gies for crystallization the deflection from the baseline 
is assumed proport ional  to the instantaneous reaction 
rate, i.e. at the crystallization peak temperature the 
reaction rates are the same, independent of the heating 
rate employed. This assumption requires that the tem- 
perature of the sample is uniform for all heating rates 
employed; fortunately, this condition can generally be 
met experimentally by using small sample sizes and 
low heating rates. In addition, the crystallization 
mechanism must be known so that the appropriate 
values for the parameters n and m can be employed in 
the pertinent equations. It  must also be assumed that 
the crystallization mechanism does not change with 
heating rate or temperature (although if there is a sig- 
nificant change in mechanism, this may be reflected in 
the experimental data by a change in the slope of the 
activation energy plot). 

In the present work, heating rates in the range 1 to 
10 ~ m i n -  ~ were employed with DTA, whilst rates in 
the range 2 to 15~  -a were used with DSC. 
Corresponding sample sizes were 165- t -5mg for 
DTA, and 30 _+ 1 mg for DSC (because of the smaller 
sample size used, higher heating rates can be em- 
ployed with the DSC). A standard particle size of 
600-1000 ~tm was used for the bulk of the work al- 
though some studies were performed using glass of 
finer particle size ( < 45 ~m and 45-212 gin), and the 
results compared. 

4.6. Activation energy for structural 
relaxation 

It has been proposed [53-55] that an activation en- 
ergy for structural relaxation occurring around the 
glass transition can be found by monitoring the 
change in T o with beating rate. In this method, the 
glass is cooled through Tg at a given cooling rate. The 
glass is then heated back through T o at the same rate. 

This is repeated for different cooling/heating rate 
cycles, and the following expression employed 

ln(l/') ..~ - Ere , , x /RT  o (9) 

The activation energy, Erelax, is found from the slope of 
a plot of ln(7 ~) against 1/Tg.  The value obtained is 
expected to be related to the activation energy for 
viscous flow. As the glass transition occurs over a tem- 
perature range, T o has been taken in the present work 
as the extrapolated start of the transition, To(es), the 
peak of the transition, To(p), and the extrapolated end 
of the transition, Tg~ee). The individual values of 
E~lax obtained should be the same within experi- 
mental error (unless there is a change of mechanism 
within the temperature interval covered). 

5. Results 
5.1. Characteristic temperatures 
Mean values for the characteristic temperatures of 
glass of standard particle size 600-1000 gm, measured 
by DTA nd DSC, are given in Table III. A representa- 
tive DTA trace for a standard nominal heating rate of 
10~ min -1 is given in Fig. 1. The crystallization 
exotherm is characterized by a single peak with a low 
temperature shoulder. 

5.2. Variation in peak crystallization 
temperature with particle size 

Representative DSC plots taken for different particle 
size fractions of glass are given in Fig. 2. The < 45 gm 
and 45-212 gm size fractions exhibit two well-defined 
crystallization exotherms, whilst the 212-600 gm size 

TABLE III Mean values for the characteristic temperatures of 
cordierite glass 

Characteristic temperature" DTA DSC 
(oc) (oc) 

To(,s ) 805 • 1 805 • 1 
Tx(s) 951 • 5 955 • 4 
Tx(es ) 1031 _+ 3 1023 • 5 
T v 1077 • 2 1071 + 4 
T:<eei 1099 • 3 1096 • 4 
Tx(e) 1110 • 7 1105 • 3 

a See text for details of nonmenclature (Section 4.1) 

907 



E 

ol 
c ' T  

I i i  

Tp= I077~ 

rg~  ~ 805~0 T~o - rg~ ~ 805~0 ~ ~ -- 
10~C 

Tx(s~= 951~ ..... ~ ' - J  Tx(eo) ; " ~ " ~  
rx(eW = 1031~ = 10gg~ 

750' 800' 850' 900'  950 '1000'1050 '1100'1150 
Temperature(~ 

Figure l Representative DTA trace for cordierite glass of particle 
size 600-1000 ;am recorded at a heating rate of 10 ~  - ~. 
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Figure 2 Representative DSC traces for cordierite glass of various 
particle sizes recorded at a heating rate of 10~ -1. (a) 
< 45 gin; (b) 45-212 ~m; (c) 212-600gm; (d) 600-1000 p.m; (e) 

single piece. 

50 i, ? 
40 

30~ 

2o 

lO 

-v 0 
~DSC 

-10 

-20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
700 800 900 1000 1100 1200 

(b) Temperature (~ 

50 

40 

~" 3O 

E 20 
O 

2; lO 

-1- 0 

i? 
O 

-1~ I 
-20 . . . . . . .  

700 
(c) 

908 

~ ~ D S C  

800 900 1000 
Temperature(~ 

1100 1200 

fraction exhibits a single peak with a well-pronounced 
low temperature shoulder. Individual values for the 
peak crystallization temperatures as a function of 
the particte size range employed are summarized in 
Table IV. 

5.3. Enthalpy of crystallization 
A mean value for the enthalpy of crystallization of the 
cordierite glass of 361.5 _+ 7 jg-1 was noted using 
DSC (10 samples). 

5.4. O p t i m u m  n u c l e a t i n g  t e m p e r a t u r e  
Data showing the shift in peak crystallization temper- 
ature with "nucleation" temperature are given in 
Fig. 3. Crystallization enthalpy data obtained after 
"nucleation" are plotted in Fig. 4. 

5.5. A c t i v a t i o n  e n e r g y  for crystallization 
5.5. 1. Iso thermal  me thods  
Data for the fraction of glass crystallized, Fxd , as  

a function of the isothermal hold time at a number of 
different temperatures in the range 904-954~ are 
plotted in Fig. 5. Information derived from these plots 
over the range of Fxd from ~ 0.2-0.5 was employed to 
construct the I n { I n [ I / ( 1 -  Fx~)]} versus ln(t) plots 
shown in Fig. 6. These plots were subsequently used to 



Particle size Tx(es) Tp 
range (gm) g-cordierite et-cordierite g-cordierite a-cordierite 

(~ (~ (~ (~ 

< 45 934 - 961 
45-212 945 - 988 
212-600 954 1017 ~ 1012 
600-1000 - 1023 - 
single piece - 1042 - 

20 

1028 
1060 
1066 
1071 
1091 

_.< 

O 
k- 

15 

10 

TABLE IV Dependence of crystallization temperature on the 1.2 
particle size of cordierite glass 

- , I , I , I , I , I , 

840 860 880 900 920 940 960 

Nucleation temperature (~ 

Figure 3 Variation in peak crystallization temperature between as- 
quenched and "nucleated" cordierite glass (AT = T ~ --Tp) as 
a function of the temperature of "nucleation" (Marotta plot). 

de te rmine  values for the reac t ion  ra te  constant ,  k, and  
the Avrami  exponent ,  n, over  this range of temper-  
ature.  These  data ,  summar i zed  in Tab le  V, were then 
used to p lo t  the  g raph  of ln(k) versus l /T ,  shown in 
Fig. 7. A value of 577 k J m o 1 - 1  for the ac t iva t ion  
energy of crys ta l l iza t ion  was de te rmined  from the 
s lope of this plot .  

D a t a  were also de te rmined  for the t ime to reach 
50% crystal l ini ty ,  tl/2, for each of the i so thermal  ho ld  
t empera tu re s  summar i zed  in Table  V. A p lo t  of 
ln(t l /2)  versus 1IT is shown in Fig. 8, f rom which 
a value for E/n of 512 k J m o l - 1  was obta ined .  

5.5.2. Non-isothermal methods 
D a t a  used in the cons t ruc t ion  of non- i so the rma l  p lots  
for de te rmin ing  ac t iva t ion  energies of crys ta l l iza t ion  
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Figure 4 Normalized heat of crystallization, AH=/AHo, as a func- 
tion of "nucleation" (isothermal hold) temperature. 
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Figure 5 Plot of fraction of glass crystallized, F~a, as a function of 
isothermal hold time for a range of temperatures. ~ ,  904 ~ O, 
917~ Q, 932 ~ IS], 943 ~ m, 954 oC. 

are summar ized  in Table  V I - V I I I .  D a t a  are included 
for bo th  the D T A  and  D S C  results. The  co r r e spond-  
ing non- i so the rma l  ac t iva t ion  energy plots  are shown 
in Fig. 9-11  for the three par t ic le  sizes of glass em- 
ployed, i.e. 600-1000 pm, 45-212 gin and < 45 pro. The 
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Figure 6 Plot of In{In[i/(1 - Fxn)]} as a function of In(t) for 
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Figure 7 Plot of In(k) against 1/T employed for determining the 
activation energy, E, of crystallization; E = 577 kJ mol- 1. 

TABLE V Data employed in the determination of activation en- 
ergies for crystallization of cordierite glass by isothermal methods 

Isothermal hold Ink 1/T ln(tl/2) 
temperature (h i) (10 3K-1) (h) 
(K) 

1177 -2.717 0.8496 2.0358 1.14 
1190 --2.032 0.8403 1.4387 1.15 
1205 -1.246 0.8299 0.8184 1.07 
1216 -0.795 0.8224 0.3874 0.93 
1227 - 0.323 0.8150 --0.1231 0.90 

values derived for the activation energies of crystalliz- 
ation by the non-isothermal methods are summarized 
in Table IX. 

5.6, Activation energy for structural 
relaxation 

Representative DSC plots showing the glass transition 
region for glasses cooled and heated through To at 
different rates (e.g. 10 ~ min- 1 and 50 ~ min- 1) are 
given in Fig. 12. A mean value of 766 kJ mol-1 for the 
activation energy associated with structural relaxation 
around T o was determined (over the temperature range 
1065-1150~ Individual values of 777kJmo1-1 
(1065-1095~ 765kJmo1-1 (1095-1130~ and 
756 kJ mol- 1 (1115-1150 ~ were measured, corres- 
ponding to the extrapolated start of Ta, the peak 
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Figure 8 Alternative plot of ln(tl/2) as a function of 1/T for deter- 
mining the activation energy. E/n = 512 kJ mol-1. 

associated with Tg, and the extrapolated end of T o, 

respectively. Activation energy plots for structural re- 
laxation are given in Fig. 13. The data used in the 
calculation of the activation energies are given in 
Table X. 



TABLE VI Crystallization peak temperatures of cordierite glass -11 
determined using DTA and DSC (particle size 600-1000 gm) 

Heating rate DTA peak Heating rate DSC peak 
(K min- 1) temperature (K) (K min- 1) temperature (K) 

0.67 1265 1.71 1288.0 
1.56 1290 3.26 1303.7 
3.92 1319 4.81 1322.8 
4.65 1325 7.91 1334.2 
5.82 1333 9.98 1345.9 
7.12 1344 12.05 1354.3 
8.11 1347 15.15 1361.0 

10.05 1355 

TABLE VII Crystallization peak temperatures of cordierite glass 
employing DSC (particle size < 45 pm) 

Heating rate . First crystallization Second crystallization 
(K min- 1) peak (g-cordierite) peak (~-cordierite) 

(K) (K) 

1.71 1193.8 1245:7 
2.23 1201.4 1252.7 
3.78 1210.1 1268.8 
4.81 1217.5 1278.1 
7.40 1226.9 1290.0 
9.98 1232.6 1303.0 

12.05 1237.9 1306.6 
15.15 1243.5 1315.1 

TABLE VIII  Crystallization peak temperatures of cordierite 
glass employing DSC (particle size 45-212 gm) 

(a)(b) (c) (e) (f) (d) 

.~. 
e--  

1411 , I i I 

-151 
0.72 0.74 0.76 0.78 ' 0.80 ' 0.82 0.84 0.86 

1/'1-o (10 -3 K -1) 

Figure 9 Non-isothermal Kissinger plots constructed from DTA 
and DSC data for determining the activation energy of crystalliza- 
tion for glass of different particle sizes; (a) 600-1000 gm (DTA); (b) 
600-1000 gm (DSC); (c) and (d) 45-212 gm (DSC); (e) and (f) 
< 45 gm (DSC). See text for details. [], DTA/~-cordierite; O, 

DSC/a-cordierite; 0 ,  DSC/g-cordierite. Values of E ( kJ mol- 1) (a) 
404; (b) 400; (c) 395; (d) 542; (e) 399; (f) 532. 

Heating rate First crystallization Second crystallization 
(K min- l) peak (g-cordierite) peak (~-cordierite) 

(K) (K) 

1,71 1219.3 1276,6 
2.23 1222.4 1281.7 
3.78 1231.8 1297.2 
4.81 1236.6 1305.2 
7.40 1247.8 1320.8 
9.98 1256.6 1333.3 

12.05 1261,5 1340.7 
15,15 1267.0 1349.7 

6. Discussion 
6.1. Crystallization behaviour and 

characteristic temperatures 
F o r  glass of  coarse  par t ic le  size, i.e. 600-1000  gm, 
a single crys ta l l iza t ion  exo the rm is exhibi ted,  due pre-  
d o m i n a n t l y  to the fo rma t ion  of  ~-cordier i te ,  also 
k n o w n  as high cordier i te  or  indial i te .  E x a m i n a t i o n  of  
the character is t ic  t empera tu res  (Table III)  indicates  
tha t  there  is some scat ter  in the t empera tu re  data ,  
suggest ing tha t  the glass is no t  ent i rely homogeneous .  
A c o m p a r i s o n  of  the mean  values ob ta ined  by D T A  
and  D S C  shows that ,  in general  the agreement  be-  
tween the different techniques is good,  a l though  there 
is a small  d i sc repancy  in some of  the data ,  with the 
crys ta l l iza t ion  ex t r apo la t ed  s tar t  t empera tu re  vary ing  
the mos t  (1031~ by  DTA,  and  1023~ by DSC). 
Small  d iscrepancies  of this na tu re  are  not,  however,  
unexpec ted  between different measur ing  systems. 

-1  
0.72 0.74 

[[Z 

E ,t 1 
v 
.K" 
v 

t -  

0.76 0.78 0.80 0.82 0.84 0.86 
1/Tp(10-aK -1) 

Figure 10 Non-isothermal Ozawa plots constructed from DTA and 
DSC data for determining the activation energy of crystallization 
for glass of different particle sizes; (a) 600-1000 gm (DTA); (b) 
600-1000 gm (DSC); (c) and (d) 45-212 ~tm (DSC); (e) and (f) 
< 45 gin (DSC). See text for details. [], DTA/c~-cordierite; �9 

DSC/cx-cordierite; O, DSC/g-cordierite. Values of E ( kJ mol- l) (a) 
426; (b) 423; (c) 416; (d) 562; (e) 420; (f) 553. 
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T A B L E  IX Activation energy for crystallization (non-isothermal results by DTA and DSC) 

Particle size range DTA activation energy DSC activation energy 
(gm) ( kJ tool-  1) ( kJ mol -  1) 

Kissinger Ozawa Marseglia Kissinger Ozawa Marseglia 

600 1000 404 426 415 (432)" 400 423 412 (428)" 
0-45 (lst  peak) - - 532 553 542 (564) a 
0 45 (2nd peak) 2 - - 399 420 410 (426)" 
45-212 (lst peak) - - 542 562 552 (574)" 
45-212 (2nd peak) - - - 395 416 406 (422)" 

Marseglia value = E/n; values in brackets determined by multiplying this value by n ( = 1.04) 

I=_ 
g 

m 

0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 

1/To(10-3K - '  ) 

Figure l l  Non-isothermal Marseglia plots constructed from DTA 
and DSC data for determining the activation energy of crystalliza- 
t ion for glass of different particle sizes; (a) 600-1000 gm (DTA); (b) 
600-1000 gm (DSC); (c) and (d) 45-212 gm (DSC); (e) and (f) 
< 45 gm (DSC). See text for details. [],  DTA/~-cordierite; C), 

DSC/~-cordierite; 0 ,  DSC/g-cordierite. Values of E/n ( kJ mol -  1) 
(a) 415; (b) 412; (c) 406; (d) 552; (e) 410; (f) 542. 

There is a clear influence of particle size on the 
crystallization behaviour of this glass (Table IV, and 
Fig. 2). This behaviour is strongly indicative of a pre- 
dominantly surface nucleation/crystallization mecha- 
nism. The emergence of two separate and welt-defined 
crystallization peaks for the smaller size fractions 
( <  45 ~tm and 45-212 gin) results from the initial 
formation at lower temperatures of metastable g-cor- 
dierite (a [3-quartz solid solution derivative); this is 
followed at higher temperatures by conversion to the 
more stable ~-cordierite phase. A similar particle size 
effect has been noted by other investigators, [-4, 24, 26]. 
The effect of "nucleating" heat-treatments on the crys- 
tallization behaviour of the glass indicates that heat- 
treatment is not effective at promoting bulk crystalliza- 
tion, with the Marotta plot (Fig. 3) showing no evidence 
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Figure 12 Representative DSC traces showing the glass transition 
region of cordierite glass. (a) cooling/heating cycle of 10 ~ min -  '; 
(b) cooling/heating cycle of 50 ~ min -  1. 

for enhanced nucleation. The apparent increase in A T 
at temperatures approaching Tp is due to partial crys- 
tallization of the sample during the isothermal hold, as 
confirmed by the decrease in crystallization enthalpy 
with increasing hold temperature noted in Fig. 4. 

6.2. Activation energies 
Traditionally, isothermal methods are employed for 
determining activation energies. In the present work, 
a value in the range 532-577 kJ tool-1 was obtained 
for the activation energy of crystallization using iso- 
thermal methods for the glass of coarse particle size, 
600-1000 ~tm, which exhibits a single crystallization 
exotherm. An average value of 1.04 was noted for the 
Avrami exponent, n, over the temperature range 
904-954 ~ confirming the very strong dependence 
on surface crystallization. 
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Figure 13 Non-isothermal plots constructed from DSC data for 
determining the activation energy of structural relaxation asso- 
ciated with the glass transition, Ere~ax, (data for glass of particle size 
600-1000 gm); Ere~,x ~ 766 kJmo1-1. D, To(ee); ~,  T0(p); O, Tg(~). 

TAB L E X Glass transition temperature data for cordiefite glass 
determined employing DSC 

Heating rate Totes) To(p) Zg(ee) C 
(K min-  1) (K) (K) (K) 

4.81 1065.5 1094.9 1114.4 4.0 
9.98 1071.4 1106.3 1127.0 4.2 

15.15 1076.8 1110.9 1130.1 4.0 
20.32 1080.4 1114.4 1129.9 3.7 
25.49 1085.6 1116.7 1136.3 3.8 
30.66 1086.1 1119.3 1137.5 3.8 
41.00 1090.8 1124.2 1144.7 4.0 
51.34 1093.5 1127.9 1148.5 4.0 

c = Moynihan parameter [63] 

In the case of non-isothermal studies, it is now 
generally agreed [47-49, 51, 56-62] that use of vari- 
able heating rate methods, e.g. the Kissinger [50] or 
Ozawa [51] methods, for the determination of kinetic 
data, is strictly applicable only to the derivative ther- 
moanalytical curve. This is most'closely satisfied for 
power-compensated DSC, where the peak of the crys- 
tallization exotherm corresponds more closely to the 
maximum rate of the transformation than is the case 
when using classical DTA. With DTA (and heat-flux 
DSC), the maximum rate of transformation is gene- 
rally expected to occur at some point prior to the peak 
of the curve. These methods are therefore not neces- 
sarily directly applicable for determining activation 
energies for crystallization of inorganic glasses. It has 
been shown, however, that the Kissinger or Ozawa 

methods, when suitably modified (i.e. Equations 6 and 
7), may be applied if the predominant crystallization 
mechanism is known [47-49]. If the precise mecha- 
nism of crystallization is known for a given glass 
system, substitution of the appropriate values for the 
parameters n and m (Table II) can be made, and 
a value for the activation energy of crystallization 
computed accordingly. Equations 6 and 7 reduce to 
the standard Kissinger or Ozawa equations for the 
special case where surface crystallization predomi- 
nates. Unfortunately, crystallization occurs for many 
glasses by simultaneous surface and bulk crystalliza- 
tion, and assignment of unique values for the para- 
meters n and m is not possible. In the present work, 
however, a stable glass is employed to which no speci- 
fic nucleating agents have been added. It may be 
expected, therefore, that surface crystallization effects 
may predominate for this glass, in which case the 
standard Kissinger and Ozawa treatments can be ap- 
plied directly; and, indeed, the predominance of sur- 
face crystallization is confirmed both by the value of 
the Avrami exponent noted above from the isothermal 
studies, and the non-isothermal Marotta plot. On this 
basis, determination of the activation energy for crys- 
tallization for glass of coarse particle size, 
600-1000 gin, using either DTA or heat-flux DSC, 
gives values which are in remarkably good agreement, 
in the range 400-432 kJ mol- 1 depending precisely on 
which non-isothermal method is employed, as sum- 
marized in Table IX. 

When employing glass of smaller particle sizes, e.g. 
< 45 lam and 45-21,2 gm, the single crystallization 

exotherm is replaced by two well-defined separate 
crystallization peaks corresponding to the formation 
of the g- and 0~-cordierite phases, respectively. Deter- 
mination by DSC of the activation energies of these 
separate exotherms using the variable heating rate 
methods yield values for the < 45gm glass of 532- 
564 kJmol-~ for the first peak (corresponding to g- 
cordierite), whilst lower values, i.e. 399-426 kJ tool- 1, 
are noted for the second exotherm (corresponding to 
0t-cordierite). Similar values are noted for glass of 
particle size 45-212 gm (i.e. 542-574kJmol-1; and 
395-422 kJ mol-~, respectively). This result indicates 
that the activation energies for the p- and s-crystalline 
phases are insensitive to particle size. 

It is interesting to note that the value for the activa- 
tion energy of the g-cordierite phase determined using 
the non-isothermal methods is in close agreement with 
the value of activation energy determined for coarse 
(600-1000 gm) powder using the isothermal methods. 
This suggests that crystallization of coarse powder 
during an isothermal hold occurs by initial formation 
of the p-cordierite phase, and it is this activation 
energy that is measured by the isothermal techniques. 

Values for the activation energy for crystallization 
over a wide range, ~ 270 to 630 kJ tool- 1, have been 
reported for similar cordierite-based glasses. For 
example, Yuritsin et all [28] determined a value of 
628 kJ mol-1 for crystallization of g-cordierite from 
crystal growth rate data, in fair agreement with the 
value obtained for p-cordierite in the present work. 
On the other hand, a value of ~ 415 kJmol -~ was 
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noted by Mfiller [25], and a value of ~ 420 kJ mol-  1 
was derived by Mora et al. [29] for the g-cordierite 
phase. Rudolph et al. [27] have reported activation 
energy data determined using both isothermal and 
non-isothermal methods for a cordierite glass modi- 
fied by the addition of 4.5 wt% P2Os. Isothermal 
studies based on crystal growth data gave a value for 
the activation energy of 0t-cordierite of 469 kJ tool- 1. 
Lower values were obtained when using variable heat- 
ing rate methods, i.e. 303 and 325 kJmol-1  by the 
Kissinger and Ozawa methods, respectively. It was 
found, however, that by employing the crystallization 
start temperature, rather than the peak temperature, 
higher values were derived, i.e. 473 and 495 kJmol-1,  
respectively. The higher values obtained when using 
the crystallization start temperature were explained 
on the basis t,hat the start temperature more accurate- 
ly reflects the processes occurring during the early 
stages of crystallization, i.e. most probably ~t-cor- 
dierite formation. Other values reported for the ac- 
tivation energy of the ct phase include 272 kJ mol-  1 
for a P 2 0 5  modified cordierite glass [9], and 
410 kJmol-1  for a Y203-ZrO2 modified glass [23]. 

Calculation of the activation energy for structural 
relaxation around the glass transition using the shift in 
Tg with cooling/heating rate gave a mean value of 

766 kJ tool- 1 (777 kJ mol - 1 using the extrapolated 
start of T o, 765kJmol  -~ using the corresponding 
peak data, and 756 kJmol-1  using the extrapolated 
end of Tg). This result compares very favourably with 
a value of 780 kJ mol-  1 reported by Mora et al. [29], 
but is lower than the value of 1004 kJ mol-1 found by 
Yuritsin et al. [28] for a similar glass. The value 
determined for the activation energy for structural 
relaxation is therefore higher than the activation en- 
ergy for crystallization for the cordierite glass em- 
ployed in the present work. 

Recently, Moynihan has shown empirically [63] 
that a correlation exists between the width of the glass 
transition region and the activation energy for struc- 
tural relaxation around T o. It was shown, for a wide 
range of non-metallic inorganic glasses, that the value 
of the parameter c = (Erelax/R)(1/T~,o,,- 1/To,oo ), is 
approximately constant, with a value of 4.8 + 0.4. In 
the present work, a mean value for c of 3.9 _+ 0.2 was 
determined for the cordierite glass over a range of 
cooling/heating cycles, as noted in Table X. This is in 
fair agreement only, but it should be noted that 
Moynihan used data for glasses with lower values for 
T o than is the case for the cordierite glass used here. 

7. Conclusions 
This preliminary study of the crystallization beha- 
viour of a cordierite based glass has shown the 
following: 

1. Glass of coarse particle size (e.g. 600 to 1000 lam), 
exhibits a single crystallization exotherm correspond- 
ing to the formation of 0t-cordierite with a peak tem- 
perature centred around 1071-1077 ~ (at a standard 
heating rate of 10 ~ min-  1). The glass transition tem- 
perature for the glass is g 805 ~ Agreement between 
DTA and DSC was generally good. The heat of crys- 
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tallization, as determined by DSC, is 
361.5 + 7.0 J g-  1. 

2. A strong dependency of crystallization beha- 
viour on particle size was noted; for example, two 
crystallization exotherms are resolved for the smaller 
size fractions examined ( < 45 and 45-212 gin), cor- 
responding to the formation of g-cordierite and a-cor- 
dierite phases, respectively. In addition, the ~-cor- 
dierite peak crystallization temperature increases from 
1028 ~ to 1088 ~ as the particle size increases from 
< 45 gm to ,,~ 3 ram. 

3. Isothermal heat-treatment ("nucleation") below 
the dynamic crystallization temperature, in the range 

860 to 960 ~ causes the glass to undergo partial 
surface crystallization, with the heat of crystallization 
decreasing with increasing isothermal hold tempera- 
ture (i.e. crystallization of the glass occurs rather than 
the creation of bulk nuclei). 

4. For glass of coarse particle size (600-1000 gm), 
the activation energy for crystallization of the ~-cor- 
dierite phase determined using non-isothermal 
methods is in the range 400-432 kJ mol-  1. Agreement 
between DTA and DSC is excellent. 

5. Using glasses of fine particle size (e.g. < 45 lam 
and 45-212 gm size fractions), activation energies for 
crystallization of the individual ~t-cordierite and ~- 
cordierite phases, determined using non-isothermal 
methods, are insensitive to particle size and are in the 
range 532-574 kJmo1-1 and 399-426 kJmo1-1, re- 
spectively. The value obtained for a-cordierite with 
glasses of fine particle size is therefore in excellent 
agreement with the value noted for this phase using 
the coarse powder. 

6. Using isothermal methods a value in the range 
532-577 kJ mol-  1 is noted for the activation energy of 
glass of coarse particle size over the temperature range 
904-954~ This suggests that the isothermal 
methods reflect more strongly the early crystallization 
processes and are, therefore, more closely related to 
the activation energy for the formation of the g-cor- 
dierite phase. An average value for the Avrami expo- 
nent, n, of 1.04 was determined, providing additional 
confirmation for the strong surface crystallization be- 
haviour of this glass. 

7. A value for the activation energy for structural 
relaxation of ~ 766 kJ mol-  1 was derived at tempera- 
tures around the glass transition. 
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