
Cerâmica. 2024, v.70:eQSPL6036

Synthesis and characterization of glass-ceramic 
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Abstract

Glass-ceramic sponges are promising structures for many technical applications. This work deals with the preparation and 
characterization of porous glass-ceramic using borosilicate glass waste. The particle size distribution of Pyrex waste glass used 
in this study was d10:42, d50:10, and d90:2 µm. Cubic samples of 1 cm3 were shaped using the replica method. A polyurethane 
sponge of 25 ppi was employed as a print back for the glass-ceramic sponge. A suspension of 70% solid loading was prepared for 
the replication. The samples were firstly annealed at 450°C for 1 h to burn out the polyurethane sponge. Then, the temperature was 
raised to 650, 700, and 750°C, respectively, to enhance the strength of samples. The results revealed that the density of sintered 
bodies at 750 °C was 0.47 g/cm3, which represents the highest value of density reached. Moreover, the fabricated glass-ceramic 
sponges revealed sintering temperature-dependent properties. For instance, samples sintered at 750 ºC showed compressive strength 
of 0.145 ± 0.15 MPa corresponding to 65% porosity.   
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INTRODUCTION

In recent years, there has been a growing demand for 
porous glass-ceramics in different potential engineering 
applications like hydrogen generation from organics [1, 2]. 
They are also widely studied and employed as scaffolds 
for bone tissue regeneration [3-5]. In addition, porous 
glass-ceramics have also found their application in water 
purification as photocatalytic [6]. From the mechanical 
perspective, glass and glass-ceramics behave differently 
under load. Glass-ceramics have higher mechanical strength 
than glass. This belongs to both of their microstructures. 
The microstructure of glass-cremics is composed of 
crystallites embedded in the glass matrix, which impede 
crack propagation, causing higher fracture strength than that 
of glass. While in glass, once the crack has initiated it passes 
easily through without any impedance [7]. 

Borosilicate glass (Pyrex® glass) is one of the most 
important glasses that is functionalized in many housewares 
and industrial applications. Thanks to its structure, it shows 
high thermal stability in addition to chemical durability 
which makes it favorable glass for laboratory work [8]. 
Yearly, a high quantity of Pyrex® glass is thrown away 
as waste which in turn is an interesting raw material 
for new products and enhancing the life cycle of the 
materials. Moreover, recycling waste glass lowers energy 
consumption as it needs lower temperatures for reshaping 
glass gaining economic and environmental interests. Porous 
glass-ceramics from borosilicate glass could be one of the 
alternative and cheap materials that could be implemented in 
energy applications like carriers of catalysts for eco-friendly 
energy generation. They could be used in other applications 

like thermal and sound insulations besides catalytic support 
for water treatment [6, 9-11].

Many techniques are employed to fabricate open pores 
glass and glass-ceramics. Choosing a specific technique 
depends upon design, precursors, and cost in addition to 
the final properties. Direct foaming [12], replica method 
[13], gel casting [14], and 3D printing [15] are examples of 
fabrication methods of porous glass-ceramics. The replica 
method is considered an easy and cost effective one, in which 
the resulting pore size and pore size distribution count upon 
the template implanted. Natural cellular templates present 
interesting intricate microstructures and pore morphology, 
which is hard to form artificially [16]. Another promising 
manufacturing method is selective laser melting which uses 
lasers to imitate the structure of required sponges. This 
method ensures high precision in controlling the dimensions 
of sponge struts and cell shapes [5].

Bucharsky et al. succeeded in manufacturing of porous 
reactor from nano-silica following the replica method. They 
used a polyurethane sponge (20 pores per inch (PPI)) as a 
template for the reactor. They reported that the sintering 
program was crucial to get as low a pore size as < 50 nm in 
the struts to produce a transparent porous body [10]. Eunice 
et al. reported about producing porous glass-ceramics from 
LZSA (Li2O-ZrO2-SiO2-Al2O3) to be used as catalytic 
support of Ni and Co for water purifications by using a 
foaming agent. Foams increase the surface area exposed to 
light and hence more active than glass-ceramics plates [6, 
17]. 

Structurally, porous media have two structures: reticulate 
structure and foam structure. A reticulate media means 
interconnected pores surrounded by a net of struts. While 
the structure of closed and open pores within a continuous 
matrix is known for foams [8, 15, 19]. Generally, open 
pores are joined with each other by fine channels, so the 
material becomes permeable to fluids. Grosse et al. reported 
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that the pores towards to be anisotropic as the density of 
pores is low. Closed pores represent isolated areas within 
the material and they do not affect the permeability [18]. 
Porosity  ​​is commonly referred to as apparent when open 
pores are affected and termed true porosity when both of 
open and closed pores are included. The cell walls of cellular 
glass (-ceramics) shaped by the replica method are thin and 
weak. Therefore, they reduce the mechanical strength of the 
entire sponge body [20]. The goal of the present study is the 
synthesis and characterization of glass-ceramic sponge from 
waste Pyrex® glass using the replica method. In addition 
study the effect of the processing conditions on the structure 
of the resulting sponges.

EXPERIMENTAL PART

Preparation of glass-ceramic sponges

Waste of Pyrex® lab glassware was collected and 
ultrasonically cleaned to remove the pollutants. It was ground 
and milled to fine particles (sieved with a 75 μm sieve). The 
slurry of this glass was prepared using two solid loadings 
(50 and 70 wt%). Polyvinylalcohol (PVA) was added to the 
slurry to work as an adhesive. Distilled water was employed 
as a dispersant. The mixture was stirred for 30 min to obtain 
a homogenous slurry. Table 1 shows the weight ratios of the 
components that were prepared in this study.

Polyurethane sponge (25 ppi) was cut out into cubic 
shapes of (10 x 10 x 10) mm. The sponges were immersed 
into a glass slurry until covering all the cell walls. The coated 
polymers were then dried at 110 °C for 24 h. After drying, 
the impregnated sponges were first heat treated at 450 °C 
for 1h with a heating rate of 3 °C/min. This protocol was 
necessary to do slow decomposition and remove the polymer 
template. Next, they were annealed at different temperatures 
(650, 700, and 750 °C) with a heating rate of 10 °C/min and 
a soaking time of 30 min. The cooling rate was 5 K/min. The 
cycle of dipping and sintering was one to keep the sponge as 
high open as possible after sintering. This step is important 
to control the cell wall thickness of the foam. 

The chemical composition was achieved by using the 
gravimetrical method (chemical route) which was carried 
out at the geology research center / Baghdad- Iraq. All the 
quantities of the components were expressed in percentage 
moles.

The particle size distribution was analyzed using the 
particle size analyzer (Type Better 2000, China). This 
apparatus works on Mai-theory under wet conditions. 

The apparent volume was calculated according to the 

Archimedes approach and after the ASTM C373-88 [21]. 

dbulk = 
Wd

VA

		
	 (1)

where: dbulk = apparent density; Wd = dry weight; VA = 
apparent volume. Hence, the apparent density of the glass-
ceramic sponges is obtained by dividing the dry weight of 
the sample by its apparent volume as represented in equation 
(1).

The true density defines the density of the solid part only. 
It was measured using the pycnometer method. The sample 
of the test must be crushed to eliminate all kinds of pores. 
Paraffin solution was used as floating media. The method 
was done according to Ref. [22] and the true density was 
calculated as below:

True desity = =
(M2 - M1)

1/rº
(M2 - M1)rº

(x-y)
	 (2)

where: M1 is the weight of the pycnometer, M2 represents 
the weight of the pycnometer and the solid, x is the weight of 
paraffin required to fill the pycnometer, and y is the weight 
of the paraffin above the solid in the pycnometer.rº is the 
density of paraffin which is 0.78 g/ml at 20 ºC.

Porosity represents free randomly distributed volume in 
solids. It is called apparent porosity when open pores are the 
dominant in solids. True porosity is another description for 
the porosity which represents the percentage of open and 
closed pores together. In this study, apparent porosity was 
calculated according to the ASTM (C373-88) as below:

Apparent porosity = 100%*
S - dbulk

S - 1
	 (3)

where S is the saturated weight and dbulk is the apparent 
density. The true porosity was calculated using the following 
formula: 

True porosity = 1 100%*
dbulk

dtrue

	 (4)

Finally, the closed porosity was calculated as below:

closed prorsity(%)=true porosity - apparent porosity	 (5)   
               
The structure evaluation of the annealed samples was 

investigated by a Goniometer X-ray diffraction means. 
The samples were ground to particle size lower than 70µm 
using a mortar and pestle. A copper target was used as a 
source for the X-ray with a wavelength (λ) of 1.5072 nm. 
The apparatus was run with a 40 kV and 30 A. The samples 
were continually scanned from (2θ) 5 to 65 ° with a scanning 
speed of 5 °/min.  

The microstructure evolution was observed by scanning 
electron microscopy (SEM-Viga 3- Czech Republic). 
Fracture surface samples were coated with gold to lower 
the charge accumulation on the investigated samples. The 
machine employed was manufactured by FEI, Quanta 450, 
Czech Republic. The accelerating voltage of scanning was 
15 kV.  

Batch waste 
glass

distilled 
water

polyvinylalcohol 
(PVA)

Sample A 50 25 25
Sample B 70 15 15

Table 1 - Composition of borosilicate slurry (wt%)
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A universal testing machine (Time Group Inc., China) 
with a max load of 5kN was used to test the samples for 
compression. The samples were cylinders of (ø5 x L 10 mm) 
size. The loading rate was 0.01 MPa/min.  

RESULTS AND DISCUSSION

Table 2 shows the amounts (mole %) of the main 
components of the selected borosilicate glass waste. The 
accuracy was determined to ± 0.03 mol%. It reveals that 
this glass has 81.3 mol% silica content and 9.2 mol% borate 
oxide in addition to the other components.

The starting glass powder shows a non-smooth curve 
of the particle size distribution (see Figure 1) which refers 
to the existence of many populations (agglomerates) in the 
powder. The mean particle size (d50) of the accumulative 
analysis was determined to be 10 µm. 

The effect of particle size on the sintering was out of the 
scope of this study, in which the particle size was fixed at 
10 µm. 

Figure 2a exhibits that the density increases with 
increases in the annealing temperature until the density 
becomes stable at 750°C which is about 0.47 g/cm3.

Porosity, on the other side, is inversely related to density. 
As seen in Figure 2b, the true porosity decreases from ~ 84 % 
at 650°C to 42 % at 750°C. This implies that the starting pore 
size has changed in addition to closing half of them, where 
50% of porosity at 650°C was eliminated at 750°C. Due 
to the high content of the residual pores, the glass-ceramic 
sponges have turned into white color. It would be important 
to state how the ratio of open to closed pores has changed 

with the annealing temperatures. Figure 3 illustrates a bar 
chart of annealing temperatures and porosity kind (%). At 

Oxides SiO2 B2O3 Na2O Al2O3 CaO MgO

Mole ratio, (%) 81.3 9.2 5.2 4.3 0.2 0.07

Table 2 - Chemical composition of the borosilicate glass 
waste employed in this study

Figure 1: Particle size distribution of the starting borosilicate glass

d90: 42 µm
d50: 10 µm
d10: 2 µm

100

60

20

0

80

40

0.1
Particle size (µm)

A
cc

u 
(%

)

101 100 1000

Figure 2: Density and true porosity evolution as the sintering 
temperature increases

0.55
a)

b)

0.50

90

75

65

55

80

70

60

50

0.30

0.40

0.20

0.45

0.25

0.35

640

640

Temperature (ºC)

Temperature (ºC)

Tr
ue

 p
or

os
ity

 (%
)

d bu
lk
 (g

/c
m

3 )

680

680

720

720

660

660

700

700

740

740

760

760

Figure 3: Variation of open to close pores ratio (%) with the 
annealing temperatures

60

40

20

50

30

10

650
Temperature (ºC)

Po
ro

si
ty

 (%
)

700 750

Open porosity
Close porosity



4 Firas J. Hmood / Cerâmica. 2024, v.70:eQSPL6036

650°C the content of open and closed pores varied where the 
open ones were around 50% and the closed pores were 38.5 % 
of the total porosity. 

An increase in heat treatment temperature up to 700 °C has 
increased the number of closed pores to 44% in comparison to 
that of open pores which has been 33%. This returns to filling 
out part of the open pores inside the struts as a result of the 
viscous flow of the glassy phase. On the other hand, raising 
the annealing temperature to 750°C has led to diminishing the 
size of pores as well as closing more open voids. It reveals that 
the content of the closed pores increased to 53% and that of 
the open ones decreased to 15%. In such a shaping approach, 
solid loading, slurry stabilization, and pyrolysis parameters in 
addition to the sintering conditions determine the pores size 
and pore size distribution of the yield glass-ceramic sponges.

The X-ray diffraction showed that the glass was highly 
crystallized at 750°C for 30 min. Figure 4 exhibits that 
cristobalite was mainly formed after the heat treatment, 
where the main peak is located at 2θ: 21.8° (ICDD PDF 

Figure 5: Micrographs of the resulting glass-ceramic sponge sintered at 650°C and 750°C

Figure 4: XRD pattern of waste glass powder heat treated at 750°C 
for 30 min. The small humps at 2θ (15-25°) indicate a residual 
amorphous phase which represents the matrix.
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No.39–1425). Thanks to Scherer’s equation (d= 0.89l
bcosq

) the 
crystallite size of cristobalite was determined to be 200 nm.

The selected sintering temperatures, i.e. 600, 700, 
and 750°C, were higher than that of the borosilicate glass 
transition, which is about 530°C [18]. This allows the 
glass particles to flow and adhere to each other in addition 
to filling out the pores among them. Keeping glass at 
those temperatures for longer than 30 minutes leads to 
crystallization that prevents deriving more viscous flow 
to let more glass mass head toward the voids among the 
glass particles. This, however, leaves residual pores at 
the cell walls of the glass-ceramic skeleton which can be 
seen in Figure 5. The difference is clear where sintering at 
650°C was not enough to connect the glass particles firmly 
together; in which large pores in the inner walls are shown. 
Increasing the temperature up to 750°C has changed the 

Figure 6: Fusion evolution of glass particles after sintering at 650°C and 750°C

Figure 7: Effect of porosity (a) and sintering temperature (b) on the compressive strength of the synthesized glass-ceramic sponges

sponge walls morphology. The thickness of the sponge 
struts was determined to be 50 ± 5 µm.
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0.145 ± 0.15 MPa. The temperature was kept up to 750°C 
to avoid closing all the pores. It is known that the strength 
of porous media counts on density, porosity as well as the 
thickness of the strut. The strength of yield samples is low for 
three reasons: (i) low strut thickness (about 50 ± 5 µm); (ii) 
hampering the sintering progress as a result of ceramization 
that minimized the contact area among the sintered particles; 
and (iii) the residual porosities in the struts that act as stress 
concentration regions [23, 24]. 

The strength results represent preliminary findings of 
the synthesized glass-ceramics which will be followed by 
a further study to optimize the combination of structure 
properties with the compressive strength considering the 
Gibson–Ashby model and other related models.  

CONCLUSIONS 

Glass-ceramic sponges of borosilicate glass (Pyrex®) 
were successfully fabricated using the replica method. 
It is found that solid loading is crucial to determine the 
thickness of scaffold ribs. Moreover, the selection of the 
annealing protocol has a big effect on the pores content. As 
the temperature of heat treatment increased from 650 ºC to 
750°C, the apparent porosity decreased from 84% to 42%. 
On the other hand, the ratio of the open to close porosity 
was also inclined. The compressive strength has varied with 
the annealing temperatures. The compressive strength of 
samples sintered at 750 °C was determined to be 0.145 ± 
0.15 MPa. It is believed that the thickness of strut walls, 
the contact area among glass particles, and the notches of 
residual pores yield low compressive strength. On the other 
hand, recycling waste glass represents a good management 
of materials lifecycle in a way of saving the environment 
and energy sources.
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