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A family of new glass-ceramic materials, of the general formula (25-x)CaO.xBaO.yMgO. 
zAI203"50Si02, where x =  1, 2, 5, 10, 15, 20, 25, y =  20 or 14 and z =  5 or 11 (mol %), has 
been prepared by melting raw materials in two parent glasses and performing heat treatments. 
The systematic substitution of BaO for CaO in the base glasses allows the effect of feldspars' 
isomorphism and polymorphism to be studied in a series of glass-ceramics where the 
structural environment around the bivalent cations, Ca 2+ and Ba 2+, is systematically altered. 
Ba 2+ has a large effect on the glass transition temperature and dilatometric softening point, 
causing a decrease with increasing BaO. The crystalline phases have been identified and 
found to be dependent on the preparation conditions, which are the BaO and AI203 contents, 
the heating rate and the soaking temperature adopted for the crystallization treatments. The 
infrared spectroscopy technique helped to identify the different polymorphs of barium feldspar, 
that were not clearly distinguishable by X-ray powder diffractometry due to preferred 
orientations. The kinetic parameters for the formation of the different crystals have also been 
determined and correlated with their thermal stability resumed in the well-known 
time-temperature-transformation curves. 

1. I n t r o d u c t i o n  
The barium feldspars are very interesting materials to 
study, both for their unique properties and for their 
complicated polymorphism. The low thermal expan- 
sion coefficient, high mechanical strength, chemical 
inertness, high melting temperature (near ! 700 ~ and 
low dielectric constant are some of the properties 
which make it possible to use these materials in the 
ceramic, refractory and composite industries [1]. 

The three better known polymorphs of barium 
feldpars (BaO-AI203.2SiO2) are celsian and paracel- 
sian, of the natural minerals, and hexacelsian as the 
synthetic form. The transformation temperatures may 
be represented as follows: 

1590/1650 ~ 1760 ~ 

Celsian ~ Hexacelsian . . . . .  Melt (1) 

Monoclinic Slow Hexagonal 

It is important to note that according to some authors, 
the celsian-hexacelsian transition temperature shifts 
from 1650 to 1590~ if hexacelsian is present as a 
solid solution with about 4% SiO2 [2]. However, this 
transformation is so slow that hexacelsian is metast- 
able at temperatures up room temperature. In the 
hexacelsian polymorph~ a reversible transformation, 
at about 300 ~ involving the rotation of the hexa- 
gonal sheets of the two layers of the (A1, Si)0 4 tetrahe- 
dra with respect to each other, is also observed. This 
last transformation, which does not modify the funda- 
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mental framework, is not clearly visible in the XRD 
patterns, but the relative volume change, approxim- 
ately 3%-4% [2], could produce degradation of the 
mechanical properties. 

For all these reasons, it is evident how important it 
is to define suitable heat treatments so that the forma- 
tion of unwanted crystalline phases, such as hexa- 
celsian, can be avoided. In this paper we studied the 
thermophysical behaviour of a family of new glass- 
ceramic materials belonging to two systems of the 
quaternary glassy system CaO.MgO.AI203-SiO2, 
where BaO has been progressively substituted for 
CaO. The two MgO-containing compositions were 
chosen on account of their tendency to crystallize in 
the form of calcium feldspar (anorthite) and/or pyrox- 
ene (diopside) [3]. The substitution of Ba 2 + for Ca 2 + 
was done to control the formation of the correspond- 
ing barium feldspar in the different polymorphs. The 
development of the crystalline phases was analysed 
using X-ray diffraction (XRD) and infrared techniques 
on samples heated and prepared differently. 

2. Experimental procedure 
2.1. Sample preparation 
The series of glasses studied begins at the two 
CaO-MgO-AI203-SiO 2 quaternary system com- 
positions [3] in which feldspar anorthite (CaO. 
A1203'2SIO2) and pyroxene diopside (CaO.MgO. 
2SiOz) are present in ratios 1:3 (A) and 1:1 (B) and 
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Figure 1 Compositional range of the investigated glasses of composition from (1) A to A-Ba and from (2) B to B-Ba on the ternary 
BaO-AI203 SiO 2 phase diagram, after Lin and Foster E4]. 

extends into the quaternary BaO-MgO-A120  3- 
SiO 2 on two lines of constant 25 mol % CaO + BaO, 
as shown in Fig. 1. Barium oxide was substituted for 
calcium oxide to produce glasses containing 1, 2, 5, 10, 
15, 20 and 25 mol % BaO (Table I). The raw materials, 
reagent-grade oxides and carbonates of high quality, 
were mixed together and ball milled for 20 min. No 
nucleating agents were added to allow the study of the 
natural trend towards the crystallization. The mixture 
was transferred to mullite crucibles and heated in an 
electric kiln following a three-step melting treatment: 
(1) a quick heating up to 1200 ~ (2) a slow heating up 
to about 1300~ to homogenize the melt and to 

TABLE I Sample compositions (mol %) 

Comp. Oxides Comp. Oxides 
name name 

BaO CaO BaO CaO 

A 0 25.031 B 0 25.031 
A-1Ba 1 24.031 B-IBa 1 24.031 
A-2Ba 2 23.031 B 2Ba 2 23.031 
A-5Ba 5 20.031 B-5Ba 5 20.031 
A-10Ba 10 15.031 B-10Ba 10 15.031 
A-15Ba 15 10.031 B-15Ba 15 10.031 
A-20Ba 20 5.031 B-20Ba 20 5.031 
A-Ba 25.031 0 B-Ba 25.031 0 

MgO 19.725 MgO 13.972 
A120 3 5.146 AlzO 3 10.931 
SiO2 50.098 S iO2 50.066 
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proceed with possible additions of new batch; (3) a 
quick heating at 1400 ~ for 30 rain. After this time, 
the glass melt was quenched either in water, to obtain 
the flits, or on an iron mould to obtain bars suitable 
for different thermophysical tests. No annealing treat- 
ment was performed, but, in some cases, a remelting of 
flits was necessary for good glass homogeneity. Ele- 
ment loss from the melt was negligible, and the glass 
composition was assumed to be identical to the origin- 
al ones. 

For consistency with previous studies, the glass- 
ceramic samples were prepared by crystallizing glasses 
in a one-step (nucleation and crystal growth together) 
thermal treatment at l l00~ for 1 h, followed by 
natural cooling to room temperature. 

2.2. Charac ter iza t ion  
Differential thermal analysis (DTA) experiments were 
performed (Netzsch STA 409). The crucibles used were 
matched pairs made of alumina containing about 
100 mg sample; calcined kaolin was used as the refer- 
ence material. The DTA experiments were conducted 
at a heating rate of 10~ min -1, unless otherwise 
stated. 

The thermal expansion coefficient of glass and 
glass-ceramic and the glass transformation temper- 
ature were measured using a conventional horizontal 
dilatometer (Netzsch dilatometer 402) by heating bars 
3 - 4 c m  long from 20-900~ at the rate of 



10~ rain -1. Average thermal expansion coefficients 
were calculated over the range 30-500 ~ The glass 
transformation temperature was determined from the 
expansion curve using the standard intercept tech- 
nique. 

Crystalline phases were identified by X-ray powder 
diffraction using an X-ray powder diffractometer nick- 
el-filtered CuK~ (X = 0.154 18 nm, Philips PW 1050) 
with a 2 s time constant and 1000 counts range 
in the 20range 10~ ~ at a scanning rate of 
1 ~ min- t The powders were prepared in two different 
ways: the first produced preferential crystalline ori- 
entation by rubbing with an ordinary microscope slide 
the upper surface of the glass-ceramic powder, gently 
pressed inside the sample holder cavity. The second 
way of preparing the powders aimed at complete 
random orientation of the sample. This result was 
obtained by three different sample preparation meth- 
ods: the first involved the drawing of some drops of the 
glass-ceramic slurry in water and exposing them to an 
ultrasonic stirrer for different times, before depositing 
them on a microscope slide. Another method was that 
proposed by GuiUem Villar et  al. [5], which consisted 
of compressing the powder in the cavity from the 
back. A third method was based on the packing of the 
powder between two glass slides, one of which was 
glued to the sample holder and constituted the back of 
the cavity, while the second was removable. 

The infrared transmission spectra of glasses and 
glass-ceramics were recorded on KBr pellets in the 
range 4000-400 cm -z with a Spectrointerferometer 
FT-IR Bruker IFS l13V. About 1 mg of well-dried 
and ground sample was mixed with 200 mg of well- 
dried IR-grade KBr and then sufficiently ground to 
obtain an homogeneous mixture of optimum particle 
size. The mixture, thus prepared to give an absorbance 
in the optimum range, was then mechanically pressed 
into a disc 13 mm in diameter. The force on the 
plunger was 10ton, maintained for 10 s. This gave 
transparent, homogeneous pellets. In fact, many of the 
samples were scanned more than once with new pellets 
prepared. In most cases the reproducibility was 
> 99%. However, because of the very broad bands 

obtained for glassy samples and the intrinsic distor- 
tions associated with line shape in the spectra of 
powders, the accuracy in the peak position was prob- 
ably no better than 5-20 cm-~. 

3. Results and discussion 
3.1. Thermophysical measurements 
The dilatometric behaviour of A composition glassy 
samples shows that the introduction of an increasing 
percentage of BaO caused a decrease in the glass 
transition temperature, Tg, from about 730 ~ to ab- 
out 710 ~ As far as the dilatometric softening poin t 
was concerned, the gradual decrease from 800 ~ to 
775 ~ was clearly dependent on the increasing BaO 
content. This effect is usually observed when a cation, 
here Ba 2+, substitutes for a smaller one, Ca 2+. Com- 
pletely amorphous B system bars were not always 
obtained, because .of the tendency of most of these 
compositions to crystallize in the quenched state. 

In this case the effect of barium substitution could not 
be discussed. 

The average linear thermal expansion coefficients 
(TEC) for-glassy and glass-ceramic samples, recorded 
in the 30-500 ~ temperature range, are shown in 
Fig. 2 for system A. The TEC of the glasses showed a 
gradual increase with an increasing amount of BaO, 
while for the corresponding glass-ceramics there was a 
scattered behaviour. However, for both the partial 
glassy and completely crystallized materials with com- 
position B (Fig. 3) a minimum TEC value was found 
which corresponded to B-10Ba for the glassy samples 
and to B-5Ba for the crystallized bars. 

It is important to note that the glass-ceramic's 
thermal expansion coefficients generally are lower 
than those of the corresponding glasses; the difference 
in the values can be correlated with the different 
nature and percentage of crystalline phases formed, 
celsian and hexacelsian for both A and B glass-cera- 
mics at high barium content (see Section 3.3). 

3.2. Thermal analysis 
DTA curves were collected on completely amorphous 
samples, with grain size < 20 gm at 10~ rain -1, for 
composition A with increasing BaO content. The 
curves showed one exothermic crystallization peak, 
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Figure 2 Dependence of the linear thermal expansion coefficient on 
composition, for (El) glassy and (O) glass-ceramic samples be- 
longing to A system, recorded in the 30-500 ~ temperature range, 
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Figure 3 Dependence of the linear thermal expansion coefficient on 
composition, for (~) glassy and (O) glass-ceramic samples be- 
longing to B system, recorded in the 30-500 ~ temperature range. 
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Figure 4 XRD patterns recorded on samples: (1) as-quenched B-Ba glass, and glass-ceramic heated at (2) 900 ~ (3) 1000 ~ and (4) 1100 ~ 
for l b .  

To, as well as a specific heat change corresponding to 
the glass transition, Tg, which agreed with that ob- 
served in the dilatometric curves. It was noted that 
there was an increase in the crystallization peak tem- 
perature from about 930-950 ~ (Table lI) for increas- 
ing amounts of BaO, up to 20 mol %. After this the 
peak splits into two peaks, one at a higher temper- 
ature, the second at a lower temperature (995 and 
931 ~ indicating the presence of at least two different 
phases with characteristic temperatures, probably 
hexacelsian and celsian, respectively [2, 6]. 

On glass powders of composition A-Ba the DTA 
thermograms at different heating rates, 2, 5, 10 and 
20 ~ min-  1, were also performed in order to evaluate 
the activation energy using the so-called Kissinger 
equation. Because the nucleation mechanism was pro- 
ved to be the surface catalysed by experimental evalu- 
ation [7], the expression of the applied equation was 

In ( a g / T  2) = - E k / R T  p + const (2) 

where �9 is the heating rate (K rain -1) at which the 
DTA curves were recorded, Tp(K) is the maximum 
temperature of the exothermic crystallization peak, E k 
is the activation energy for crystallization process 

T A B L E  II Crystallization peak temperatures of 20 pm glassy 
powders from DTA curves collected at a 10 ~ rain- x heating rate. 

Comp. name T c ( _+ 2 ~ 

A 929 
A-10Ba 939 
A-15Ba 952 
A-20Ba 951 
A-Ba 931; 995 
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(expressed in cal mo1-1 if R, the gas constant is 
expressed as 1.9872 cal mo1-1 K -1) [8-103. The data 
collected were 113 and 98 and 85 kcal tool-1, respect- 
ively, for A and A-Ba systems (note that for the 
second case we obtained two values corresponding to 
the two crystallization peaks). A good correlation was 
found with the literature data relating to different 
glass-ceramic systems: 86-313 kcal tool -1 for pyrox- 
ene crystals [11] and 130-132 kcal tool -1 for barium 
feldspar phases [12]. The lower activation energy of 
the barium-containing system can be related to its 
high tendency to crystallize (see TTT curves hereafter). 

3.3. X-ray d i f f ractometry 
The X-ray powder diffraction allowed identification of 
the structure change from the glassy to the crystallized 
state and recognition of the different crystalline 
phases. 

As previously observed, soon after quenching, tra- 
ces of crystallization were noted in the glasses starting 
from composition B-10Ba, increasing with increased 
BaO substitution. As a consequence, the glass B-  
Ba could not be submitted to the time- 
temperature-transformation (TTT) curve study be- 
cause of its high degree of crystallinity. So it was 
heated at 900, 1000 and 1100 ~ for 1 h, in order to 
analyse the development of crystalline phases with 
temperature. From the XRD patterns plotted in Fig. 4 
the as-quenched glass and the 900 ~ treated sample 
present the same peaks, hence the same crystallized 
fraction. The peak intensity and number of peaks had 
considerably increased for the 1000~ treated glass- 
ceramic, and reached a maximum at 1100~ The 
identification of the crystalline phases led to various 



T A B L E I I I Crystalline phases identified by XRD in the samples heated at 1100 ~ 1 h (unless otherwise stated) by using Joint Committee 
on Powder Diffraction Standards files 

Comp. name Crystalline phases Comp. name Cryst. phases Cryst. phases 
in glass ceramics" in as-quenched" in glass-ceramics" 

A D,A B 
A-5Ba D,H,C B-5Ba 
A-10Ba H,C,D B-10Ba C 
A-15Ba H,C,D,BaCaMgSi B-15Ba C,H* 
A-20Ba BaCaMgSi,C,BaMgSi,H B-20Ba H*,BaCaMgSi 
A-Ba BaMgSi,BaA1Si,P,H,C B Ba H* 

A,D 
D,C,H 
C,D,H 
C,H*,D,BaCaMgSi 
H*,C,BaCaMgSi,BaMgSi 
(900 ~ lh)H* 
(1000 ~ lh) 
H*,P,C,BaMgSi 
(1100 ~ lh) 
H*,BaMgSi,C, BaSi,P 

"D = Diopside (Ca Mg(SiO 3)a) file no. 11-654. 
A = Anorthite (CaAIzSi2Os), file no. 12-301. 
H = Hexacelsian ([3-BaAI2Si2Os), file no. 12-726. 
C = Celsian (BaA12Si208), file nos. 18-153, 19-90. 
BaCaMgSi = Barium calcium magnesium silicate (BazCaMg2Si6017), file no. 32-61. 
BaMgSi = Barium magnesium silicate (BaMg2Si2OT), file no. 10-44. 
BaAlSi = Barium aluminium silicate (BaAI2Si2Os) file no. 26-137; (a-BaAI2Si208), file no. 12-725. 
H* = Hexacelsian + barium aluminium silicate. 
P = Paracelsian (BaAIzSizOs), file no. 10-352. 
BaSi = Barium silicate (BazSi3Os), file no. 12-694. 

TABLE IV E•ect•fsamp•epreparati•n•ntherati••fdi•erentcrysta••inephasesdeducedfr•mXRDpatterns•fg•ass-ceramicsprepared 
at ll00~ 1 h (error + 5-10%) 

Sample preparation A-5Ba 

H/C a D/C b 

A-10Ba A 15Ba A-20Ba A-Ba 

H/C a D/C b H/C" D/C b H/C" BaMgSi/C c H/C a 

Oriented 0.67 3.45 1.32 1.45 
Ultrasonic 10 min . . . .  
Ultrasonic 30 min 
Ultrasonic 60 rain 
Random orient. 0.43 2.46 0.13 0.89 

2.59 1.45 0.17 1.37 1.54 
2.03 1.62 0.09 1.48 0.96 
1.34 1.18 0.15 1.23 0.86 
1.59 1.00 0.13 1.09 0.87 
1.17 1.37 0.13 1.39 1.33 

aH/C = Hexacelsian 0.776 nm/celsian 0.336 nm. 
bD/C = Diopside 0.299 nm/celsian 0.336 nm. 
CBaMgSi/C = Barium magnesium silicate 0.343 nm/celsian 0.336 nm. 

ba r ium aluminosi l icates ,  l isted in Table  III ,  in different 
p o l y m o r p h i c  forms. Moreover ,  a ba r ium magnes ium 
silicate was present  at  1000 and 1100 ~ and a ba r ium 
silicate deve loped  at  1100 ~ 

The effect of preferred or ien ta t ion  on the hexa- 
celsian/celsian ra t io  was evident  for glass-ceramics of 
compos i t ion  A - 1 0 B a  and A-15Ba ,  for which the pri-  
ma ry  phase  recognized was hexacelsian. As shown in 
Table  IV, the other  glass-ceramic powders  are  a lmost  
unaffected by sample  p repara t ion :  bo th  diopside/cel-  
sian and  ba r ium magnes ium sil icate/celsian ra t ios  ap-  
peared  uninf luenced by preferred or ienta t ion.  This 
effect was deduced  by Gui l lem Villar  and  Gui l l em 
Monzon i s  [13] who repor ted  cleavage planes  pre- 
sent only  in hexacels ian form. The influence of the 
u l t rasonic  st irrer  was also studied: peak  intensi ty de- 
creased with mixing  time, and  when the sample  slurry 
was mixed for over  1 h, the peaks  were a lmost  un- 
detectable.  

In  general ,  of the two phases  present  in the C a O -  
conta in ing  system,  anor th i t e  (CaO.AI203.2SiO2) and  
d iops ide  (CaO.MgO.2SiO2) ,  the first d i sappeared  with 

the in t roduc t ion  of 5 mol  % BaO,  being subst i tu ted by 
ba r ium feldspathic phases,  and  the second disap-  
peared  for 15-20 mol  % BaO. The calcium feldspar  is 
subst i tu ted by different ba r ium feldspars,  l isted in 
Table  I I I  for bo th  A and B systems, in pa r t i cu la r  
celsian in the glass-ceramics in B systems and hexa- 
celsian in A systems, while the po lymorph ic  form of 
parace ls ian  was present  in the two BaO-con ta in ing  
qua te rna ry  systems. In  the compos i t ions  with 15 and 
20 mol  % BaO, ba r ium calcium magnes ium silicate 
(Ba2CaMg2Si6Ol~)  was also formed,  and  in 20 mol  % 
BaO, a ba r ium magnes ium silicate (BaMg2Si2OT) de- 
veloped. 

In  the qua te rna ry  systems, A - B a  and B - B a ,  a large 
number  of the crystal l ine phases were identified, con- 
t ras t ing with the CaO-con ta in ing  systems. In  o rder  to 
analyse  bet ter  the effect on crys ta l l iza t ion induced by 
Ca 2 + and Ba 2 + cations,  the T T T  curves of the A and 
A Ba qua te rna ry  systems have been p lo t ted  in Fig. 5. 
The lines were d rawn  between the more  representa t ive  
poin ts  which separa te  a m o r p h o u s  samples  and those 
which showed an init ial  crystal l izat ion,  detected by 
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Figure 5 TTT curves o f ( - -  ) A and ( - - )  A Ba quaternary 
systems, for ( , )  barium magnes ium silicate (JCPDS file no. 10-44, 
d = 0.320nm, I/Io = 100) and (*) bar ium aluminium silicate 
(JCPDS file nos. 26-137, d = 0.397 nm, I/Io = 85, and 10-352, d 
= 0.400 n m, I/Io = 100). 

XRD. The case of A-Ba composition shows two 
curves, one tracing the formation of the barium mag- 
nesium silicate phase and the second related to the 
stability area of the feldspatic form. The numbers 
represent a quantitative determination of the extent of 
crystallinity that was done using Ohlberg and 
Strickler's formula [14]: 

% crystallinity = 100(Ig - -  Ix)/Ig (3) 

where Ig is the intensity of the glass peak in the XRD 
pattern collected on the parent glass, and Ix is the 
intensity of the glass peak (corresponding to the same 
20 value) in the pattern of the heat-treated sample. As 
suggested by the Ohlberg-Strickler method, it is im- 
portant to note that this quantitative determination is 
not suitable for measuring degrees of crystallinity 
lower than 10% because a small change in non- 
crystalline scattering cannot be measured accurately 
[15]. From the comparison between the A and the 
A-Ba systems, it was confirmed that the crystalliza- 
tion process started at lower temperature, when the 
Ba 2+ cation was present and, up to 1050~ the 
crystallinity percentage was higher, 35%-75 % with 
respect to 35%-45 % for Ca 2§ (Table V). On the 
contrary, when the temperature was raised to 1100 ~ 
and above, the two systems presented different degrees 
of crystallinity: on average 75%-85 % for Ca 2+ and 
55%-60 % for the Ba 2+ systems. 

3.4. Infrared spectroscopy 
This technique is well established for studying struc- 
tures of glassy and crystalline materials. In this par- 

T A B L E  V Percentage of crystalline phase in glass-ceramics cal- 
culated using Ohlberg's formula 

Heat treatment 

(~ (min) 

% cryst, of A % cryst, of A-Ba  
comp. comp. 

900 180 0 0 
950 60 0 0 
950 90 0 0 
1000 20 0 0 
1000 30 0 5 
1000 60 0 36 
1000 90 33 
1000 180 33 
1050 30 33 59 
1050 60 46 73 
1100 10 17 45 
1100 20 42 50 
1100 30 50 55 
1100 60 75 55 
1100 120 75 64 
1200 10 75 55 
1200 20 75 56 
1200 30 83 59 
1200 60 83 59 

ticular case, it provided a good method to determine 
the presence of the polymorphic form of hexacelsian, 
which is difficult to treat in powder diffractometry. 

The original spectra are shown in Figs 6 and 7. 
All the completely amorphous glasses generally ex- 

hibited three absorption peaks, with a main absorp- 
tion peak at ~ 1000 cm-  1, a fairly broad strong peak 
at 470cm -1, and another weak variable peak at 

700 cm-1. Besides these three, above 10 tool % 
BaO, two bands appeared at 640 and 620 cm- 1 in the 
B glasses, and a band at 1400 cm-  1 in B-Ba glass. It is 
not possible to attribute these modifications exclus- 
ively to the effect of the Ba 2 § cation on the glassy 
state, because, as shown by X-ray diffraction, the new 
bands can be attributed to some crystals which are 
present even in the as-quenched glassy samples. 

Correct assignment of vibrational frequencies in 
silicate structures is not at all an easy matter. It has 
been a subject of controversy for many years now 
[16]. The general agreement is that all these silicate 
glasses exhibit at least three bands in the 1100, 800, 
and 500 cm - t  regions, and in some cases another 
weak band appears at about 950 cm - 1. From literat- 
ure data, the addition of alkaline and alkaline-earth 
oxides, produces shifts of the typical bands of the pure 
glassy silica toward lower wavelength values. This is 
due to the polarizing effect of these cations on the 
surrounding oxygens, which is so high that the 
oxygen-silicon bond in the tetrahedra is weakened. 
The normal vibrational frequencies of the SiO4 tetra- 
hedron shift from l lT0 cm  -1 to 1090-1060cm -1 
(asymmetrical stretching), from 1100 cm-  1 to 960-930 
cm -1 (symmetrical stretching), from 830 cm -1 to 
700-680cm -1 (O-S i -O  ring deformation) and by 
only few wavelength numbers around the 470 c m - i  
band (Si-O-Si  bending) [17]. 

For A glassy systems, a shift of the S i -O-Si  stret- 
ching, from 1015cm -1 to 990cm -1 passing from 
composition A to A-Ba, was observed, while for B 
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glasses the shift was from 1010 cm-1 (CaO-containing 
system) to 950 cm-1 for B-Ba. These experimental 
results agree well with the aforementioned polarizing 
effect. 

As a general trend, the bands of the glass-ceramics, 
as in any ordered solid structure, are well defined and 
sharp. These bands arose from those of the parent 
glasses, and present a higher resolution in the range of 
1100-800 and 700-400 cm- 1. The assignment of these 
bands was discussed in a previous work [18] and 
attributed to the presence of different mixtures of 
diopside and anorthite crystals. 

The glass-ceramics infrared spectra were signific- 
antly different when 10-25 mol % of BaO were added, 
because some new peaks appeared at about 
1450cm-1, for A-Ba and B-Ba, and 1230- 
1210 cm- 1, from A-10Ba to A-Ba and from B• 
to B Ba. The presence of 1230 cm -1 absorption 
bands attributable to hexacelsian [13J in the spectra 
of the majority of A samples can be explained by the 
assumption that this crystalline phase was the main 
phase present, thus confirming the XRD results. The 
other absorption bands in the Si-O-Si stretching 
region and at 600-450 cm- 1 were due to celsian. The 
position of the third band, 1450 cm- 1, enabled us to 
assign it to the new crystals present in the quaternary 
barium compositions, for which the XRD patterns 
showed paracelsian and barium magnesium silicate 
phases. The slight displacement of the maximum of the 
asymmetric stretching band in the order calcium and 
barium to lower frequencies, cannot be reasonably 
explained by the effect of the difference in ionic radii of 
the two cations in their feldspatic crystals. 

These results support those already discussed in the 
paragraph about diffraction, showing particular 
agreement with data collected on randomly distribu- 
ted powder samples. 

4. Conclusion 
The comparison between the thermophysical meas- 
urements and X-ray powder diffraction results proved 
to be very interesting, because the greatest changes in 
the thermal expansion coefficient from glass to glass- 
ceramic corresponded to the appearance of particular 
crystalline phases, such as celsian which is character- 
ized by a low thermal expansion coefficient. 

The substitution of BaO in place of CaO in the two 
investigated glassy compositions led to the appear- 
ance of barium feldspar polymorphism. Of the many 

crystalline phases formed, the barium feldspars were 
the most kinetically and thermodylaamically favoured, 
so much so that they were sometimes present even in 
the as-quenched glass. 
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