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Abstract 

Magnesium aluminum silicate (MAS) glass ceramic systems are of technological 
importance due to their application for high voltage and in ultra high vacuum. These 
materials not only possess peculiar feature of machinability but also have superior 
electrical insulation, ultra-high vacuum compatibility, high thermal stability, low thermal 
conductivity and good mechanical strength. MAS glass-ceramic material was prepared 
by sintering route. A three-stage heating schedule consisting of calcination, nucleation 
and crystallization has been evolved with MgF2 as a nucleating agent. The effect of 
stoichiometric composition and sintering temperature on density of compacted materials 
and development of phases were studied by X-ray diffraction (XRD). XRD revealed the 
formation of magnesium silicate, fluorophlogopite, nobergite, and siliminite at different 
processing temperatures. Thermal stability of MAS was measured by thermogravimetry 
(TG), differential thermal analysis (DTA). TG/DTA studies revealed that powder existed 
as MgO-Al2O3-SiO2-H2O in solid state and then transformed to MgO-Al2O3-SiO2 via 
some meta-stable intermediates after 300oC and thermally stable above 900oC with 
mass loss of 9.14%. Some surface porosity (3-4%) was detected by scanning electron 
microscope. 

 

1. Introduction 

Glass ceramics consisting of MgO-
Al2O3-SiO2 (MAS) system are of 
technological importance for high 
voltage and ultra high vacuum 
applications. These materials not only 
possess peculiar feature of machinability 
but also exhibit superior electrical 
insulation, ultra-high vacuum 
compatibility, high thermal stability, low 
thermal conductivity and good 
mechanical strength1-2. MAS materials 
are being used in nuclear technology3-4, 
in the production of proto-type 
components, used in medicines for the 
axles of mechanisms providing energy 

for implanted cardio-stimulators and also 
used in the production of welding jets or 
as holders for welded components5-7. 
Properties of MAS glass-ceramics such 
as hardness, machinability, conductivity 
depend upon the composition and 
microstructure. Machining of these 
materials can be carried out to precise 
tolerances and surface finish with 
conventional tools. Factual reason of 
good machinability character of MAS 
lies in unique microstructure of inter-
locking array of plate-like mica crystals, 
dispersed uniformly throughout glass 
matrix. MAS glass ceramic materials 
have been prepared by controlled 
crystallization in which a large number of 
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tiny crystals rather than few bigger 
single crystals have been grown8-9. 
Radonig and co-workers10 studied the 
effect of fluorine content and its source 
on the crystallization of MAS materials. 
The predominant crystalline phases 
identified in their study were fluorite, 
norbergite or fluorophlogopite depending 
on heat treatment and fluorine 
concentration.   

This paper describes results regarding 
the thermal and phase analysis of 
machinable magnesium aluminum 
silicate glass-ceramic materials 
synthesized by sintering route. 

 

2. Experimental 

a) Materials  

Silica (Fluka,), aluminum oxide (BDH), 
magnesium oxide (Merck), potassium 
carbonate (Riedel-de Haen), boron 
oxide (BDH), magnesium fluoride 
(BDH), orthophosphoric acid (BDH) and 
acetone (BDH) were used.  

b) Preparation  

Magnesium aluminum silicate (MAS) 
glass ceramic specimens were prepared 
by utilizing SiO2, Al2O3, MgO, K2CO3, 
and B2O3 in weight percent as shown in 
Table 1. Three stage schedules i.e. 
calcination, nucleation and crystallize-
ation processes were used. In the first 
stage, initial charge was mixed 
thoroughly and calcined at 950oC for 24 
h with a pre-determined heating 
schedule. Approximately 4-7wt% MgF2 
was added to calcined charge and 
milled in a planetary ball mill for 40 h. 
The fine ball milled charge was 
seasoned in 5% H3PO4 acid solution in 
acetone medium for 72 h. Compacts of 
MAS (61×16×5 mm3) were made using 

hydraulic press of load capacity ~25 
tons/in2 (1 ton/in2 = 15.44 MPa). 

c) Sintering 

The compacts were sintered using a 
two-step heating program. In the first 
step the compact was heated up to 600-
630oC for 2-4 h to ensure good 
nucleation and to initiate crystal growth. 
In the second step, heating was carried 
out with different heating rates in the 
range of 15-60oC/h up to sintering 
temperatures of 950-1080oC. The 
sample was kept at the sintering 
temperature for a sufficiently long time 
to achieve the desired crystal growth. To 
measure micro-hardness of sintered 
specimens, indentation technique using 
Vickers diamond pyramid indentor on 
the micro-hardness tester. Before 
measurements, the sample surface was 
polished with 3µ alumina powder to get 
good reflective surface. The measure-
ment was done on the polished surface 
by applying 300 g load for 15 sec. An 
average of at least five readings was 
taken. 

d) Characterization 

The particle size of the prepared MAS 
samples was measured by means of a 
laser particle size analyzer. Crystallinity 
of MAS was determined by X-ray 
diffraction on a Rigaku Geiger flux 
instrument using CuKα radiations. For 
the measurement of weight loss a TG-
DTA analysis was performed using a 
Netzsch STA-409 thermoanalyzer. 

  

3. Results and Discussion 

A solid briquette of dimensions 
(61x16x5mm3) was obtained using 
hydraulic press. It was observed that if 
the initial charge was not pulverized for 
sufficiently long time after calcinations, 
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the sintered briquette had a lot of open 
pores on the surface. The representatve 
thermograms of specimen MAS-5 are 
shown in Figure 1. A total weight loss of 
9.14% was observed after heating up to 
900oC. Two peaks on the DTA curve 
were observed. The first peak was an 
endothermic minimum, which was 
associated with the glass transform-
ation. The exothermic maximum 

(second peak) corresponded to the 
separation of the crystalline phase. The 
position of the minimum on DTA curve is 
basically determined by the chemical 
composition of the separated phase or 
by its transformation temperature. The 
observed exotherm, its position and 
shape were indicative of the 
crystallization process. All the volatiles 
were completely removed at 900oC.  

 

Table 1.  Composition of MAS Glass Ceramic. 

Specimen # Chemical Composition (wt %) 

SiO2 Al2O3 MgO K2CO3 B2O3 MgF2 

MAS -1 36.62 12.73 16.87 13.93 1.91 17.91 

MAS -3 37.72 13.23 16.05 13.98 2.48 16.54 

MAS -4 38.51 13.51 16.38 14.27 2.53 14.78 

MAS -5  36.34 24.82 13.23 11.32 3.53 10.76 

 

The effect of heating temperature and 
time duration on the density of sintered 
materials as a function of sintering 
temperature is given in Tables 2 and 3. 
Insignificant increase in density was 
observed during sintering at 1030-
1060oC for 2-4 h. As the sintering 
temperature was increased beyond 
1060oC, excessive thermal energy lead 
to some rearrangement among the 

 

grains as well as some an-isotropic 
crystal growth. In addition, the 
decomposition of fluorophlogopite phase 
(formed at a relatively lower 
temperature) occurred that resulted in 
the development of internal line cracks 
/voids9 in the material. As a result of 
this, the material appeared swelled 
which decreased the sample’s density at 
higher sintering temperatures.  

 

Table 2. Effect of sintering temperature on sintered density of magnesium aluminum 

silicate glass ceramics. 

Composition Pelletization 
load (tons*) 

Green 
density 
(g/cc) 

Sintering 
temperature (oC) 

Duration 
(h) 

Sintered 
density 
(g/cc) 

MAS-3 
 

20 1.6 1040 2 2.1 
20 1.6 1050 2 2.14 
20 1.7 1060 2 2.14 

MAS-5 
 

20 1.7 1060 2 2.34 

20 1.9 1080 2 2.37 

* 1ton / in2 = 15.444 M pa 
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Figure 2(a-d) shows the XRD patterns 
The major phases identified in the 
synthesized MAS specimens were 
fluorophlogopite (F), sillimanite (S) and 
lausite (L). The physico-chemical 
analysis and percentage of XRD phases 
in each specimen is given in Table 4. Ce 
Analysis of the XRD pattern recorded 

from the specimen MAS-5 revealed that 
fluorophlogopite was the major phase 
present in this sample. Figure 3(a-d) 
shows SEM images of magnesium 
aluminum silicate glass specimens 
MAS-3 (Figure 3a), MAS-4 (Figure 3b) 
and MAS-5 (Figure 3c) for the 
estimation of porosity. 

 

Table 3. Effect of duration on sintered density of magnesium aluminum silicate glass-
ceramics. 

Composition Pelletization 
load (tons*) 

Green 
density 
(g/cc) 

Temperature  
(oC) 

Duration 
(h) 

Sintered 
density 
(g/cc) Nucleation Sintering 

MAS-3 
 

30 1.79 630 1040 4 2.33 
30 1.79 630 1040 2 2.32 

MAS-5 
 

25 1.77 640 1040 2 2.42 
25 1.77 640 1040 3 2.43 

 

  

Table 4. Properties and the percentage of phases present in magnesium aluminum 
silicate glass-ceramic specimens as identified by X-ray diffraction. 

Physico-chemical properties of MAS 
glass ceramic 

Composition 
MAS-3 MAS-4 MAS-5 

Percent weight loss 8.97% 9.35% 9.14% 
Median diameter of particle 4.3 µm 5.1 µm 5.3 µm 
Surface area  38.48 m2/g 36.48 m2/g 30.48 m2/g 
Micro hardness (Vicker) 495 ±8 525 ±18 505 ±13 
Phase analysis by XRD  
Fluorophlogopite (F) Phase (%) F=51% F=54% F=57% 
Sillimanite (S)     phase (%) S= 49% S= 46% S= 43% 

 

An examination of SEM images showed 
that the surface of the specimen MAS-5 
was porous. During pressing it was 
observed that if the initial charge was 
not pulverized for sufficiently long time 
after calcination, the sintered briquette 
had a lot of open pores on the surface. 
So, in order to minimize the porosity in 
the sintered product, pulverization had 
to be carried out for long periods and 
finally 72h time duration was selected. It 
was also found that the microstructure of  
 

the specimen MAS-5 sintered at 1040oC 
had a density ~2.35 g/cm3 (i.e. 96% of 
the theoretical density) with 3-4% 
through porosity due to relatively smaller 
and uniformly distributed particles. 
Radiography of the specimen Mas-5 
was conducted in order to evaluate the 
porosity. The radiographic image did not 
show any porosity. This suggested that 
the specimen MAS-5 had a through 
porosity; however, some surface 
porosity was observed in the SEM 
images of specimen MAS-5.  
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Figure 1: TG/DTA curves for magnesium aluminum silicate glass ceramic powder 
(Specimen MAS-5). 
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Figure 2(a-d). XRD patterns of magnesium aluminum silicate glass ceramic specimens, 
a) MAS-3, b) MAS-4, c) MAS-5 and d) standard) sintered at 1040°C for 3 h. 
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Figure 3(a-d). SEM images of magnesium aluminum silicate glass ceramic specimens, 
a) MAS-3, b) MAS-4, c) MAS-5 and sintered ceramic of specimens MAS-4 and MAS-5. 

 

 

Conclusions 

• Magnesium aluminum silicate 
glass (MAS) ceramics were 
prepared successfully by sintering 
route.  

• TG-DTA revealed a weight loss 
amounting to 9.14% was observed 
in specimen MAS-5 after heating at 
temperatures up to 900oC and was 
thermally stable above 900oC.  

• MAS-5 sintered at 1040oC was 
96% dense due to relatively 

smaller and uniform particle size 
distribution.  

• Three different phases fluorophlog-
opite (F), sillimanite (S) and lausite 
(L) were identified in the 
synthesized magnesium aluminum 
silicate glass ceramic specimens; 
however, the specimen MAS-5 
consisted of fluorophlogopite as 
major phase with uniform particle 
size distribution.  

• SEM image indicated some 
surface porosity.  
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