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Abstract

The role of metallic silver in crystallization behavior of CaO–Al2O3–TiO2–P2O5 system glasses was investigated utilizing differential thermal

analysis, X-ray diffractometry, atomic force microscope and scanning electron microscopy. Initial glasses were heat treated in hydrogen

atmosphere to convert silver ions to the metallic state, prior to crystallization. The presence of metallic silver led to noticeable decreasing of

crystallization temperatures as well as effective crystallization of calcium titanium phosphate (CaTi4(PO4)6), calcium metaphosphate (Ca(PO3)2)

and calcium pyrophosphate (Ca2P2O7) phases. Kinetic of crystallization was also evaluated before and after hydrogen heat treatment under non-

isothermal conditions. It was found that activation energy for crystallization was not significantly influenced by the metallic silver. However, the

calculated Avrami exponents confirmed the dominant role of metallic silver as an effective nucleating agent in bulk crystallization of the reduced

glasses. By leaching of the silver free and silver containing glass–ceramics, calcium pyrophosphate (Ca2P2O7) phase was selectively dissolved out

and left porous microstructures with various pore morphologies and dimensions.
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1. Introduction

Porous glass–ceramics based on the CaO–TiO2–P2O5

system were first introduced by Hosono in 1989 [1,2].

Crystallization of two crystalline phases (Ca3(PO4)2 and

CaTi4(PO4)6), which have different chemical resistance against

acidic solutions, provides possibility to obtain porous glass–

ceramics due to the selective dissolution of Ca3(PO4)2 during

acid leaching [1,2]. Hosono et al. could induce different

properties such as ionic conductivity [3,4], antibacterial

behavior [5,6] and catalytic activity [7,8] by addition of

various oxides to the prototype glass system. Recently, some

attempts have been reported on improving of mechanical

strength, chemical resistance and self-cleaning ability of the

aforementioned glass–ceramics [9,10].

In spite of these varieties in compositions and properties,

restricted glass-forming region and surface crystallization
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affinity are the main drawbacks of the relevant glass–ceramics

[1,2]. Limited efforts have been focused on improving of glass-

forming ability by modification of the primary system to the

CaO–Al2O3–TiO2–P2O5 system [11]. The results were

extended glass-forming region as well as keeping the

possibility to achieve porous structures after leaching.

In a previous work [12], the present authors have

investigated the role of ionic and metallic silvers in crystal-

lization behavior of CaO–Al2O3–TiO2–P2O5 glasses in order to

overcome surface crystallization tendency. It was found that

appropriate amounts of metallic silver can change crystal-

lization behavior, positively.

The present work aims to find the crystallization mechanism

of the as mentioned glasses in the presence of ionic and metallic

silver under non-isothermal conditions. In this regard, silver free

and silver containing glasses belonging to the CaO–Al2O3–

TiO2–P2O5 system were fabricated. A reducing heat treatment in

hydrogen atmosphere was carried out to convert Ag+ ions to the

metallic state (Ag0). Phase evolution of both glass series was

evaluated through subsequent crystallization heat treatment in air

atmosphere. The activation energy for crystallization and the
d.
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Fig. 1. DTA thermographs of 0.5–0.6 mm particles of the glasses at the heating

rate of 10 8C/min before hydrogen treatment.
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Avrami exponents were calculated as the kinetic parameters. The

microstructures of the silver free and silver containing glass–

ceramics were also examined.

2. Experimental procedure

Glass samples with composition of 19CaO, 9Al2O3,

11.5TiO2, 60.5P2O5 (wt.%) were prepared as the blank

specimens (G0 series). Silver containing glasses (G3 series)

were fabricated by addition of 3 weight parts of silver to the G0

composition. The starting materials were reagent-grade

chemicals of calcium carbonate (Merck 2066), silver chloride

(Merck 12330), aluminum oxide (Merck 1092), titanium oxide

(BDH 30446) and phosphorus oxide (Merck 540). The

homogenized mixtures of these materials were melted in

alumina crucibles at the temperature interval of 1380–1420 8C
in an electric furnace for 4 h. The melts were cast in a preheated

graphite mould. The shaped glasses were first annealed at

500 8C for 1 h in air atmosphere and then allowed to cool

naturally to room temperature. Bulk glasses were cut and

polished to reach glass bars with dimension of

10 mm � 10 mm � 3 mm. In order to reduce silver ions to

the metallic state, silver containing annealed glasses were also

exposed to an additional heat treatment in hydrogen atmosphere

at 500 8C for 3 h under hydrogen flow of 150 cm3/min. The

precipitated silver particles in the reduced series were

monitored by atomic force microscope (AFM) (DualScopeTM

C-26) in the non-contact mode. Polished and hydrogen treated

surface of the glasses was exposed to a scanning probe with tip

radius of 15 nm. Thermal behavior of the glasses was

investigated by differential thermal analyzer (DTA) (Polymer

Laboratories, STA-1640) at a heating rate of 10 8C/min in air

atmosphere. Alumina was used as the reference material and

the condition of atmosphere control was static. Each DTA run

was performed on sample with particle size of 0.5–0.6 mm. To

ensure complete reduction of silver ions in the reduced glasses,

the same sized glass particles were reduced in hydrogen

atmosphere prior to the DTA analysis.

To obtain kinetic parameters, DTA thermographs of the

silver containing glasses before and after reduction were

recorded at the heating rates of 5, 10, 15 and 20 8C/min.

Activation energy for crystallization was calculated from

Eq. (2-1) according to the Marotta method [13]:

ln a ¼ � E

RTC
þ Const: (2-1)

The Avrami exponents of the untreated and hydrogen treated

silver bearing glasses were extracted from Eqs. (2-2) and (2-3)

according to the Marotta and the Ozawa methods, respectively

[13–16]:

ln DT ¼ � nE

RT
þ Const: (2-2)

ln½�lnð1 � xÞ� ¼ �n ln a þ Const: (2-3)

where a, R, TC, DT, x, E and n are referred to the heating rate,

gas constant, crystallization temperature, deviation from the
baseline, volume fraction of crystallization, activation energy

for crystallization and the Avrami exponent, accordingly.

The crystalline phases of the heat treated specimens were

identified by X-ray diffractometer (XRD) (Siemens, D500).

Scanning electron microscope (SEM) (Vega-Tescan) was used

to examine the microstructure of the leached glass–ceramics.

Leaching was performed by immersing the bulk glass–ceramics

in 1 N HNO3 solution at room temperature for 5 days.

3. Results and discussion

3.1. Differential thermal analysis

Fig. 1 shows the DTA thermographs of the silver free and

silver containing glasses after air annealing. Two crystallization

peaks are detectable in each DTA thermograph. According to

the further XRD analysis, the first peak is attributed to the

formation of calcium pyrophosphate (Ca2P2O7) and the second

peak is related to the simultaneous formation of calcium

titanium phosphate (CaTi4(PO4)6) and titanium pyrophosphate

(TiP2O7) phases. Moreover, it can be realized from Fig. 1 that

the dilatometric softening point, crystallization and liquidus

temperatures of glass G3 have been decreased rather than the

silver free glass. Since Ag+ ions take part into the glass structure

as the network modifiers [17,18], they could act as a fluxing

agent and decrease the mentioned indicative temperatures.

Applying the reducing heat treatment in hydrogen atmo-

sphere changed crystallization behavior of the examined

glasses according to Fig. 2. A comparison between the DTA

thermographs of two glass series reveals considerable changing



Fig. 2. DTA thermographs of 0.5–0.6 mm particles of the glasses at the heating

rate of 10 8C/min after hydrogen treatment.

Fig. 3. XRD patterns of glasses’ powders heat treated for 5 min at their

crystallization peak temperatures.
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of crystallization trend in glass G3. Based on Fig. 2, three

crystallization peak temperatures can be observed in the DTA

thermograph of this glass. The crystallization temperatures

have been declined as much as about 100 8C. Decreasing the

crystallization temperatures was accompanied by decreasing

the crystallization peak intensities. It seems that the pre-

cipitated metallic silver particles provides appropriate sites for

heterogeneous nucleation of the crystalline phases and reduces

crystallization temperatures, thermodynamically. On the other

hand, extensive falling of the crystallization temperatures

decreases the diffusion rates of necessary constituents of

crystalline phases. This conditions acts against crystallization

as a kinetic barrier and probably is responsible for decreasing of

the peak intensities of glass G3.

As it was expected, the indicative temperatures of glass G0

were shifted to the higher temperatures after reduction. It

should be noted that changing of Ti4+ and P5+ ions into Ti3+ and

P3+ ions may be possible through reducing heat treatment

[1,19]. Subsequently, the number of non-bridging oxygen will

be reduced to keep electrical neutrality of the glass structure. As

a result, the glass viscosity will be increased and the indicative

temperatures will be transferred to the higher temperatures.

3.2. X-ray diffraction analysis

Fig. 3 shows the XRD patterns of the as-received

powdered glasses (0.5–0.6 mm) after 5 min heat treatment

at the first (p1) and the second (p2) crystallization peak

temperatures. It was found that the same crystalline phases,

i.e. calcium pyrophosphate, calcium titanium phosphate and

titanium pyrophosphate, have been crystallized in both
glasses. According to the previous work [11], calcium

pyrophosphate and titanium pyrophosphate are crystallized

at the first and the second crystallization peak temperatures,

respectively through surface crystallization mechanism;

whilst, crystallization of calcium titanium phosphate occurs

at the second crystallization peak temperature, voluminously.

No silver bearing crystalline  phase was detected in the XRD

pattern of glass G3. Fig. 4 depicts the XRD patterns of the

reduced particles (0.5–0.6 mm) of glass G3 before and after

heat treatment at its crystallization peak temperatures.

According to Fig. 4, some peak lines of metallic silver

have been appeared after heat treatment in hydrogen

atmosphere. By heat treatment at the first (p1), the second

(p2) and the third (p3) crystallization peak temperatures,

calcium titanium phosphate, calcium metaphosphate

(Ca(PO3)2) and calcium pyrophosphate were precipitated,

respectively. However, titanium pyrophosphate was not

detectable after crystallization. Presumably, crystallization

of calcium titanium phosphate at the first crystallization peak



Fig. 4. XRD patterns of reduced powder of glass G3 after heat treatment at the crystallization peak temperatures.
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temperature, which consumes noticeable amounts of TiO2,

enriches the residual glass phase in CaO and P2O5 and results

in crystallization of calcium phosphate phases but not the

titanium pyrophosphate.

Comparing the DTA thermographs and the XRD patterns of

glass G3 before and after hydrogen heat treatment, it can be

deduced that metallic silver acts as a nucleating agent and

facilitates crystallization of the reduced glasses.
3.3. Kinetic measurements

To obtain a better understanding of crystallization mechan-

ism in the presence of metallic silver, activation energy for

crystallization and the Avrami exponent of glass G3 before and

after hydrogen heat treatment were calculated. Since the

precipitated phases at the first and the third DTA peaks of the

reduced glass (calcium titanium phosphate and calcium



Table 1

Calculation of the Avrami exponents of glass G3.

Method TC1 TC2 (TC3)

Before hydrogen heat treatment

Marotta 0.65 1.41

After hydrogen heat treatment

Ozawa 2.72 3.10
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pyrophosphate) were the same as those precipitated at the first

and the second DTA peaks of the unreduced glass, the

measurements were performed for these noted peaks.

Fig. 5a and b shows the Marotta and the Ozawa plots for

calculation of the Avrami exponent before and after hydrogen

heat treatment, respectively. Each plot was drawn by

calculation at different heating rates of 5, 10, 15 and 20 8C/

min. Table 1 shows the Avrami exponents derived from Fig. 5.

As it can be seen, the Avrami exponents of the unreduced glass

are near 1 at both crystallization peak temperatures. This result

confirms surface crystallization mechanism at these two peak

temperatures. However, the measured exponents of the reduced

glass were changed to about 3, means that bulk crystallization is

the prevailing mechanism of crystallization at the first and the

third crystallization peak temperatures [20–22]. This difference

comes from the presence of metallic silver particles in the

reduced glass, which act as a nucleating agent and provide

suitable sites for crystallization.

Fig. 6a and b shows the Marotta plots for calculation of

activation energy for crystallization of the glass G3 before and

after reduction. The results have been summarized in Table 2.

According to the obtained values, activation energy for

crystallization at the second peak of the unreduced glass has

been increased relative to the first crystallization peak. This effect

can be referred to the formation of calcium pyrophosphate at the

first crystallization peak temperature, which consumes necessary

constituents for precipitation of crystalline phases at the second
Fig. 5. Calculation of the Avrami exponents for glass G3 (a) before and (b) after

hydrogen heat treatment (^: Ca2P2O7, ~ CaTi4(PO4)6).
crystallization peak temperature. In this condition, diffusion

paths of constituents will be increased and will make crystal-

lization more difficult, kinetically at the second peak tempera-

ture. As a result, the activation energy for crystallization will be

increased at the second crystallization peak.

Comparing the activation energies for crystallization at the

first peak of the reduced and unreduced glasses shows higher

activation energy of the reduced glass. However, the activation

energy for the second peak of both glasses remains nearly

constant. Certainly, this observation would be compatible with

decreasing of the DTA crystallization peak intensities of the

reduced glass. Therefore, it can be said that presence of metallic

silver cannot improve kinetic of crystallization.

Accordingly, it can be concluded that metallic silver

promotes crystallization, thermodynamically but cannot influ-

ence kinetic of crystallization. In fact, by reduction of silver

ions and formation of silver particles, new crystal-glass

interfaces are generated. Heterogeneous nucleation of crystal-

line phases at these interfaces decreases surface energy of the
Fig. 6. Calculation of the activation energy for crystallization of glass G3

according to the Marotta method (a) before and (b) after hydrogen heat

treatment (^: Ca2P2O7, ~: CaTi4(PO4)6).



Table 2

Calculation of the activation energy for crystallization of glass G3.

Method TC1 TC2 (TC3)

Before hydrogen heat treatment

Marotta 275.7 348.7

After hydrogen heat treatment

Marotta 345.7 345.1
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extending crystalline phases (g) which is against crystallization

according to Eq. (4-1) [23]:

DG ¼ � 4

3
pr3 DGV þ 4pr2g (4-1)

DG, DGV, g and r are referred to the total free energy change of

system, the change of free energy per unit volume resulting

from crystallization, energy per unit area of surface and radius

of a spherical nucleus, respectively. Therefore, formation of

silver particles decreases the surface energy required for the

formation of new interfaces. Furthermore, DGV is influenced

positively by the formation of silver particles. DGV in turn can

be measured from Eq. (4-2) [24]:

DGV ¼
L DT

Tm
(4-2)

where L is the latent heat of fusion and DT is the undercooling

below the liquidus temperature (Tm). Exploring the DTA ther-

mographs reveals that the undercooling temperature interval
Fig. 7. AFM micrographs of bulk glasses G0 and G3 after hydrogen heat treatment

glass G3 (c) 10 mm � 10 mm area of glass G3.
has been significantly expanded in the presence of silver

particles via considerable decreasing of the crystallization peak

temperatures. This modification enhances the change of free

energy per unit volume and encourages crystallization, thermo-

dynamically. Therefore, it is concluded that silver particles

promotes thermodynamic of crystallization reciprocally by

decreasing of surface energy and increasing of DGV.

3.4. Microstructural evaluation

Fig. 7a depicts the AFM micrograph of the glass G0 after

hydrogen heat treatment. As it is obvious, no special morphology

can be observed in this micrograph. Fig. 7b and c shows the AFM

micrographs of the glass G3 after reduction in hydrogen

atmosphere. A homogeneous distribution of particles with

dimensions of about 200–500 nm is detectable in these

micrographs. Comparing this microstructure with smooth

microstructure of glass G0, confirms the formation of silver

particles in it.

The microstructures of the relevant glass–ceramics after acid

leaching have been compared in Figs. 8 and 9. Prior to leaching,

crystallization of the glass G0 was performed through

nucleation at 615 8C for 5 h and growth at 840 8C for 2 h.

glass–ceramic G3 was obtained by heat treatment of the initial

reduced glass at 712 8C for 2 h.

According to Fig. 8a and b, needle like porosities with

dimensions of about 5–10 mm can be observed in the G0
 (500 8C, 3 h) (a) 20 mm � 20 mm area of glass G0 (b) 20 mm � 20 mm area of



Fig. 8. SEM micrographs of heat treated glass–ceramic G0 (5 h nucleated at

615 8C, 2 h heat treated at 840 8C) after leaching: (a) 2000� magnification and

(b) 4000� magnification.

Fig. 9. SEM micrographs of glass–ceramic G3 after reducing in hydrogen,

subsequent heat treatment (712 8C, 2 h) and leaching: (a) 6000� magnification

and (b) 15,000� magnification.
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glass–ceramic. Formation of these porosities is due to the

selective dissolution of low chemically resistant calcium

pyrophosphate during leaching. Fig. 9a and b shows the

leached microstructure of glass–ceramic G3. In spite of the

G0 microstructure, the size and morphology of porosities are

totally different in glass–ceramic G3. Although, these

porosities originate again from leaching out of calcium

pyrophosphate phase, however, their size has been declined

to about 1–2 mm. Moreover, their morphology has been

changed to near spherical. Concerning the obtained Avrami

exponents of glass G3, it can be realized that metallic silver

is responsible for altering the morphology from one to three

dimensional states. Furthermore, nucleating role of metallic

silver has increased the nucleation sites in the microstructure

followed by increasing of crystallinity and decreasing of the

crystal size in these sites. Decreasing  the size of crystalline

phases in turn decreases the size of porosities after leaching.

The final porous glass–ceramics with controlled morphology
and size of porosities may be suitable candidates for

applications such as filtration, catalyst supports, etc.

4. Conclusions

It was found that silver modifies crystallization of CaO–

Al2O3–TiO2–P2O5 glasses in different ways. Silver ions act as a

flux and improve kinetic of crystallization by decreasing the

dilatometric softening point temperature and the glass

viscosity. However, formation of metallic silver particles

through a reducing heat treatment in hydrogen atmosphere
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cannot change the kinetic of crystallization and promotes

crystallization behavior, thermodynamically. Nucleating role of

silver particles decreases crystallization temperatures at least

100 8C and increases crystallization sites. Leaching of silver

containing glass–ceramics leaves reduced in size porosities

with near spherical morphology rather than silver free porous

structure with needle like larger porosities. Porous structure of

final products can be appropriate for applications which

demand fine porous structure with controlled pore morphology.
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