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Abstract 
We report on the structural transformations of Bioglass® during thermal treatments. Just 
after the glassy transition, at 550 °C, a glassy phase separation occurs at 580 °C, with the 
appearance of one silicate- and one phosphate-rich phase. It is followed by the crystallization 
of the major phase Na2CaSi2O6, from 610 to 700 °C and of the secondary phase, silico-
rhenanite, at 800 °C. The latter evolves from the phosphate-rich glassy phase, which is still 
present after the first crystallization. In order to control the processing of glass-ceramic 
products from Bioglass®, crystallization kinetics were studied via differential scanning 
calorimetry measurements in the range of 620–700 °C and temperature–time–
transformation curves were established. 

KKeeyywwoorrddss::  
Silicates; Bioactive glasses; Crystallization; Differential scanning calorimetry; X-ray 
diffraction 

I. Introduction 
Bioactive glasses are biocompatible and exhibit a strong interfacial bonding with bone. Their 
bioactivity is attributed to the formation on their surface of a hydroxycarbonated apatite 
(HCA) layer similar to a large extent to the mineral part of bone. The rate of tissue bonding 
appears to depend on the rate of HCA formation, which follows a sequence of reactions 
between the implanted material and the surrounding tissues and physiologic fluids [1]. Hench 
et al. [2] proposed a three-step mechanism of HCA formation when the bioactive glass comes 
into contact with physiologic fluids: ion exchange, dissolution and precipitation. Ion exchange 
occurs at the bioactive glass surface: cations such as Na+ and Ca2+ from the glass exchange 
with H+ from the surrounding solution. Network dissolution occurs from the breakage of Si–
O–Si bonds by the action of hydroxyl ions (OH−). The hydrated silica (SiOH) formed on the 
glass surface undergoes rearrangement by polycondensation of neighbouring silanols, 
resulting in a silica-rich gel layer. Precipitation of the calcium and phosphate ions released 
from the glass together with those from the solution form a calcium–phosphate-rich layer 
(CaP) on the surface. The reactions involved in this process were observed by several authors 
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in vitro as well as in vivo [3], [4] and [5]. The study of different compositions in the ternary 
Na2O, SiO2, CaO system with 6 wt.% P2O5 showed that the 45S5 Bioglass® (45 wt.% SiO2, 
24.5 wt.% Na2O, 24.5 wt.% CaO, 6 wt.% P2O5) is the most bioactive glass. It is nowadays used 
successfully as middle ear and dental implants [6]. 
The poor mechanical strength of bioactive glasses is a major problem that limits their 
application as load-bearing implants. Approaches to achieve enhanced mechanical and 
biochemical properties include transformation of bioactive glasses into glass-ceramic. In this 
technique, the glasses are subjected to thermal treatments which may affect the materials 
microstructures and hence their mechanical properties, but also their biological activity. 
Most of the existing literature on the transformation of 45S5 Bioglass® shows that thermal 
treatments above 600 °C result in the formation of Na2Ca2Si3O9 as the main crystalline phase 
[7], [8], [9], [10], [11] and [12]. A secondary minor phase, Na2CaSi3O8, is often suggested to 
match the stoichiometry of the initial glass [13]. For some authors [14], raising the 
temperature to 800 °C for a long period leads to the development of calcium phosphate 
crystals with a structure similar to hydroxyapatite. However, the real composition of the 
crystals appearing during thermal treatments of Bioglass® still remains unclear. As an 
example, Lin et al. [15] proposed Na2CaSi2O6 rather than Na2Ca2Si3O9 to be the major 
crystalline phase. Moreover, to our knowledge, there is no detailed investigation on the lattice 
parameters of the proposed crystalline phases and their evolution versus temperature. In 
addition, the location of phosphorous ions in the structure and its influence on the 
transformation processes is still not understood. 
45S5 Bioglass® has the potential to be used in many more bioactive applications than 
hydroxyapatite. Our global strategy is therefore to extend the application fields of 45S5 
Bioglass® by the processing, from powders, of porous blocks for bone substitution 
applications and tissue engineering [16]. This necessitates the optimization of the mechanical 
and biological properties of porous bioactive glasses via a careful understanding of the 
process–microstructure–biomechanical properties relations. In particular, it is crucial to 
control bioactivity and mechanical properties by a full knowledge of microstructural 
evolutions during thermal treatments. The aim of the present paper is therefore to provide a 
precise understanding of the major transformation processes occurring during thermal 
treatment of Bioglass® and to control the major phase crystallization kinetics via 
temperature–time–transformation (TTT) curves. 

II. Materials and methods 
IIII..11..  BBiiooggllaassss®®  pprreeppaarraattiioonn  
High purity SiO2, Na2CO3, CaCO3 and P2O5 powders were weighted and mixed to obtain 45S5 
Bioglass® (45 SiO2, 24.5 CaO, 24.5 Na2O, 6 P2O5 in wt.%). The powders were melted in a Pt 
crucible for 4 h at 1400 °C with a decarbonatation step (5 h at 950 °C). The melt was then 
quenched in water and ground in ethanol to a fine powder (1 μm). Quenching was fast enough 
to retain a completely amorphous material, as verified by X-ray diffraction (XRD). The 
composition was also checked by chemical analysis, to ascertain that no impurity was present 
after the different preparation steps. 

IIII..22..  TTrraannssffoorrmmaattiioonnss  pprroocceesssseess  
II.2.1 In situ follow-up 

The transformations of the glass powder were followed with two methods:  

 Simultaneous thermal gravimetric analysis–differential thermal analysis (TGA–DTA; 
SETARAM TG-DTA 92, Caluire, France) on powders, for which 20 mg of powder was 
heated in a 20% N2–80% O2 atmosphere at 5 °C min−1 up to 1300 °C.  

 Environmental scanning electron microscopy (ESEM; FEI, XL30, Eindhoven, 
Netherlands), with an in situ heating stage. In order to get an easier observation, larger 
grains (on the order of 10 μm) were introduced into a Pt crucible. They were heated up 
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to 950 °C (heating rate 5 °C min−1) in the microscope. Measurements were conducted 
with a 1.9 Torr (250 Pa) water pressure. 

II.2.2 Characterization of thermally treated powders 
Several thermal treatments for 5 min (heating rate 5 °C min−1) in the range of 550–950 °C 
were carried out on the glass powder. Two types of investigations were then performed:  

 XRD (RIGAKU vertical diffractometer, Kent, UK), to identify the crystalline phases and 
their evolution versus temperature. Samples were obtained by pressing a mixture of 
45S5 Bioglass® powder with an amorphous binder (PEG 1500) into 1 cm diameter 
pieces. These pieces were then analysed with Cu Kα radiations from 2θ = 10° to 2θ = 90° 
at 2° min−1 for the crystalline phases determination and 0.2° min−1 for Rietveltd analysis 
and crystallite size calculation. The crystallite size of the main phase, Na2CaSi2O6, at the 
different temperatures was estimated via the Scherrer equation on the peaks of higher 
intensity (2θ  34°)  

.

.cos

k 
 

 (1) 

where β is the full width at half maximum of the peak, ς is the crystallite size in meters, λ 
the wavelength of the Cu Kα line (1.5406 × 10−10 m) and k is the Scherrer constant equal 
to 0.89. Rietveltd analysis was performed with the software WINPLOTR® to evaluate 
the lattice parameters of the main phase. The diffractograms conducted at different 
temperature were compared with theoretical diffractograms of Na2CaSi2O6 established 
from the structure determined by Oshato and Maki [17]. 

 Fourier transformed infrared analysis (FTIR; Nicolet Magna-IR 550 spectrometer, 
Madison, Wisconsin) was performed to identify the nature of the chemical bonds 
between atoms. The samples were small pellets, of 0.5 cm diameter, obtained by 
pressing the glass powder with KBr. 
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IIII..33..  CCrryyssttaalllliizzaattiioonn  kkiinneettiiccss::  TTTTTT  ccuurrvveess  
The crystallization kinetics of the major phase were investigated by differential scanning 
calorimetry (DSC). Several isothermal measurements were conducted between 620 and 
680 °C on 10 mg of powder. The samples were subjected to a first heating until 460 °C at 
15 °C min−1, followed by a plateau of 15 min in order to stabilize the temperature and a 
second heating at 50 °C min−1 to the desired temperature. The samples were then held for 
90 min at the isothermal temperature. The total area of exothermic crystallization peaks was 
measured for each temperature. The area of the peak at each time for a given temperature 
normalized by the total area was calculated. These results allow the determination of a degree 
of transformation for a given time and a given temperature, i.e. TTT curves. The degree of 
transformation at a given time for a given temperature, αT(t), was calculated from the 
following expression: 
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where Hf is the heat flow, t the time and tf the duration of the dwell at a given temperature 
(i.e. 90 min). 

III. Results 

IIIIII..11..  IInn  ssiittuu  ffoollllooww--uupp  ooff  ttrraannssffoorrmmaattiioonn  pprroocceesssseess  
Figure 1 shows the TGA–DTA curve. TGA shows a total 2.8% weight reduction, which can be 
divided in two main weight losses, at 100 and 400 °C. They are due respectively to the 
departure of free water and –OH groups. The small apparent weight loss at 610 °C may be 
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attributed to the onset of crystallization. DTA shows an endothermic effect at Tg1 = 550 °C 
caused by the glass transition, followed by an exothermic peak beginning at Tc1 = 610 °C. 
These two events were already well identified in the literature [7], [9] and [14]. A second small 
endothermic effect is observed at Tg2 = 850 °C. This event had already been observed [9] and 
[14] but not discussed in the existing literature. Finally, melting takes place in the 1070–
1278 °C range. Two endothermic peaks (maximum signal respectively at Tm1 = 1192 °C and 
Tm2 = 1235 °C) may be attributed to the melting of two different crystalline phases. 
Figure 2 shows ESEM micrographs taken at low magnification on one Bioglass® grain during 
in situ heating from room temperature to 950 °C. Three micrographs have been selected to 
show the evolution of grain morphology with temperature: 110 °C (similar to the morphology 
at room temperature) (Figure 2a), around Tg1 = 550 °C (Figure 2b) and around Tg2 = 850 °C 
(Figure 2c). These micrographs show two steps of particle rounding at Tg1 and Tg2. Between Tg1 
and Tg2 the rounding of the particles seems to slow down. These two temperatures must 
therefore correspond to two glassy transitions. 
Figure 3 shows ESEM micrographs taken in situ at higher magnification at the surface of the 
same grain. Figure 3a, taken below the glass transition (Tg1), exhibits the features of a faceted 
ground powder. Figure 3b, taken at Tg1 = 550 °C, shows a significant modification of its 
morphology. The grain is more rounded, confirming the glassy transition. An additional event 
is observed at Ts = 570 °C (Figure 3c), prior to crystallization, which was not observed on the 
DTA thermograms: the surface, which was completely smooth after the glassy transition, 
presents a specific morphology, with the creation of domains. This may be attributed to the 
glass-in-glass phase separation expected when two high valence ions such as Si4+ and P5+ are 
present simultaneously in a glass [18] and [19]. Each ion type tends to concentrate in a 
separate phase. Figure 3d, taken at 700 °C, shows the result of crystallization, with the 
formation of ‘craters’ at the surface. At 800 °C, Figure 3e shows the migration of a second 
phase with a different morphology and structure. The present micrograph was obtained via 
charge contrast imaging, which relates to electrical conductivity variations in the sample. The 
last figure, Figure 3f, shows the resulting surface after thermal treatment at 950 °C (the 
micrograph was taken at ambient temperature, after cooling, to ensure thermal stability and 
better contrast and resolution). On this micrograph, the separation between the two types of 
domain is still more pronounced, with a spinodal like morphology. Large crystals (about 
500 nm diameter) are observed. They may be attributed to a heterogeneous grain growth at 
high temperature (Ostwald ripening). 

IIIIII..22..  CChhaarraacctteerriizzaattiioonn  ooff  tthheerrmmaallllyy  ttrreeaatteedd  ppoowwddeerrss  
Figure 4 shows the X-ray diffractograms of the powder before and after thermal treatments 
between 550 and 950 °C. The results obtained for the powder before any treatment confirm 
the amorphous nature of Bioglass® after quenching and grinding. Crystallization is observed 
at 600 °C, which is in agreement with the results obtained by TGA–DTA analysis. The 
crystalline phase is identified as Na2CaSi2O6 rather than Na2Ca2Si3O9, as shown previously by 
Lin et al. [15]. An apparent broadening of the main peak (at 2θ = 33.75°) occurs at 750 °C; 
this is in fact the beginning of the separation into two peaks, still both attributed to 
Na2CaSi2O6. The separation is clearly observed at 800 °C and intensifies at higher 
temperatures. Concurrently, in the 800–950 °C range, a new small peak is observed (arrow), 
suggesting that a secondary crystalline phosphate phase appears. This peak was attributed to 
silicorhenanite (Na2Ca4(PO4)2SiO4). 
In order to understand the separation of the two main peaks, more precise XRD analyses (at 
lower scan speed and better angular resolution) were performed on powders treated between 
750 and 950 °C. The diffractogram between 33° and 34.5° was fitted by two pseudo-Voigt 
functions, and the distance between the two peaks calculated for each temperature. Figure 5 
shows the separation of these two peaks (Δ2θ) as a function of temperature. A linear 
dependency is observed. Thus it can be inferred that the peak separation is due to a variation 
of lattice parameters rather than to a phase change. A Rietveltd refinement was applied to the 
different diffractograms to measure the lattice parameters (a and c). The evolution is 
represented in Figure 6. The figure shows that a decreases gradually with temperature, while 
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a steep increase of c is noticed around 800 °C, when the secondary phase appears. Table 1 
summarizes the Na2CaSi2O6 crystal size evaluated from XRD, calculated via Equation (1). It 
varies from 15 to 41 nm between 650 and 950 °C. 
FTIR spectra taken on the powder before and after thermal treatments at 800 °C are shown in 
Figure 7. The main absorption bands for the amorphous Bioglass® are observed at 1024, 926 
and 480 cm−1. They are commonly attributed to Si–O–Si and Si–O stretching modes and Si–
O–Si bending mode, respectively. These bands are generally observed in amorphous silica 
glasses [20] and [21]. The band at 600 cm−1 is related to amorphous phosphate. The FTIR 
spectra of the powder treated at 800 °C shows that the broad band at 1024 cm−1 is split into 
two bands due to the combination of isolated tetrahedral Si. At the same time, the band at 
926 cm−1, which is attributed to the Si–O bond with non-bonding oxygen, increases in 
intensity. This increase is due to the crystallization of the major phase Na2CaSi2O6 [12], in 
agreement with XRD data. The presence of a crystalline calcium phosphate (apatite like) 
phase is suggested by the new bands at 620, 580 and 530 cm−1 since the dual peaks at about 
620 and 580 cm−1 are attributed to P–O bending vibration [14]. This is also in agreement with 
XRD and the identification of the silicorhenanite phase. 
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IIIIII..33..  CCrryyssttaalllliizzaattiioonn  kkiinneettiiccss::  TTTTTT  ccuurrvveess  
Few papers report on the crystallization kinetics of bioactive glasses [22], [23] and [24]. In 
particular, TTT curves on bioactive glass 45S5 have never been established, although this type 
of curve can serve as a basis for the elaboration and thermal treatments of porous blocks. 
Crystallization isotherms were conducted between 620 °C (onset of Na2CaSi2O6 
crystallization) and 680 °C (to avoid the apparition of the secondary phase). DSC 
measurements made on the isothermal plateau at temperature in the 620–680 °C range 
(Figure 8) show exothermic peaks of crystallization. As expected when a single transformation 
mechanism is involved in a given range of temperature, the peak intensity increases with 
temperature, while the area of the peak remains constant. The enthalpy of crystallization is 
given by the area of the peaks, and is found to be constant (84 ± 10 J g−1), independent of 
temperature. The plot of αT(t) vs. time obtained from the DSC measurements and from 
Equation (2) is given in Figure 9. The knowledge of the degree of transformation (αT(t)) 
calculated at given times and temperatures allows the plotting of TTT curves in Figure 10. 
The kinetics of Bioglass® crystallization have been previously analysed using methods based 
on the Avrami equation [8] 

( ) 1 exp( ( ) )n
T t    bt  (3) 

where b is given by the Arrhenius relation: 

0.exp
Q

b b
RT

 
 


  (4) 

where b0 is a constant, Q the activation energy and R the gas constant. The Avrami exponent 

is generally obtained by plotting 
1
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 as a function of ln(t) and the apparent 

activation energy given by the plot of ln(b) vs. 
1

T
. Figure 11 summarizes the values obtained 

for n and ln(b) for each temperature. In agreement with the study of Clupper and Hench [8], 
conducted with non-isothermal kinetics, the mean value of n (about 1) is consistent with a 
slow nucleation on the surface and infinitely rapid growth of the nuclei, and the apparent 
activation energy is close to 280 kJ mol−1. 
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IV. Discussion and summary of the structural transformations occurring 
in Bioglass® 45S5 
The different observations conducted on Bioglass® with various techniques allow us to 
propose a possible scenario of the structural transformations occurring during thermal 
treatments from room temperature to 950 °C. The first step is the glass transition around 
Tg1 = 550 °C, which has already been reported extensively in the literature. It is followed by a 
glass-in-glass phase separation at Ts = 570 °C. This means that the glass is no longer 
homogeneous but rather consists of two immiscible phases. The viscosity of a phase-
separated silicate glass is usually higher than that of a homogeneous glass of the same 
composition because of the high viscosity of the silica-rich phase that dominates flow 
behaviour [19]. This is consistent with our ESEM observations, which shows that the 
rounding of the particles starting at Tg1 = 550 °C seems to slow down around Ts = 570 °C, 
indicating a decrease of mobility in the material. The formation of phosphate-rich domains 
during the glass-in-glass phase separation should have a catalytic effect on the nucleation of 
the major crystalline phase at Tc1 = 610 °C as they decrease the necessary energy for 
nucleation of the surrounding silicate-rich nuclei (the phosphate-rich domains may act as 
heterogeneous nucleation sites). The Avrami exponent of about 1 is consistent with a 
predominant slow nucleation on the surface and infinitely rapid growth of the nuclei, in 
accordance with Clupper and Hench [8]. The major crystalline phase, appearing at 
Tc1 = 610 °C, is identified by XRD as Na2CaSi2O6 rather than Na2Ca2Si3O9, as shown previously 
by Lin et al. [15]. Na2CaSi2O6 is isostructural to the high temperature form of Na2Ca2Si3O9 (2 
Na replace 1 Ca ion), which could explain why 45S5 was thought to crystallize in the 
Na2Ca2Si3O9 phase [25]. Two arguments are in favour of Na2CaSi2O6 rather than Na2Ca2Si3O9. 
First, the composition of Bioglass® is closer to Na2CaSi2O6. Second, the Rietveldt analysis 
shows a better agreement of the experimental diffraction pattern with that calculated for 
Na2CaSi2O6. However, a complete determination of the crystalline structure, including 
positions of the atoms and taking into account the possible solid solution, is still lacking. The 
Na2CaSi6O16 phase mentioned in other studies was not observed in our material. The 
crystallization mechanism of the major phase in Bioglass® is in agreement with the results of 
Koga et al. [26], who studied the mechanism of crystallization in the Na2O–CaO–2SiO2 
system leading to Na2CaSi2O6 and found that a surface nucleation takes place for small 
particles (i.e. smaller than 100 μm). 
El Ghannam et al. [9] found that the change in bioactive glass microstructure after 
crystallization alters the corrosion behaviour by accelerating the dissolution kinetics of 
phosphorus in physiological fluid and slowing the Na and Ca dissolution. This also led to a 
significant increase in the zeta potential of the material. In conjunction with this increase, 
they observed a significant decrease in the amount of serum protein adsorbed onto the 
material surface. On the other hand, crystallization is beneficial for the mechanical properties 
and helps tailor the dissolution kinetics to the bone growth rate. 
In the 800–950 °C range, a secondary phosphate phase crystallizes. It is identified in X-ray 
diffractograms as silicorhenanite (Na2Ca4(PO4)2SiO4). This phase is isostructural to apatite 
and was never identified in Bioglass® after short thermal treatments at 800 °C. Lin et al. [15] 
showed by Raman analysis that in the 45S5 glass, phosphorus has the same behaviour than in 
pure silica. It tends to depolymerize the silicate network by entering the network as a 
fourfold-coordinated cation. However, McMillan [27] thought that the double 
oxygen/phosphorus (P O) bond is favourable to phosphate phase formation in a silica 
network and thus increases the tendency towards crystallization. Elgayar et al. [28] showed 
by nuclear magnetic resonance of phosphorus analysis applied to the 45S5 glass that 75% of 
the phosphorous ions are in an orthophosphate 3

4(PO ) environment, while 25% are under 

the form of a diphosphate specie 4
2 7(P O ) . Using the relative XRD intensity peaks, we found 

around 4% of phosphate crystalline phase. This indicates that 75% of phosphorus ions in the 
material are in the crystalline phosphate phase. This is consistent with the fact that in 
silicorhenanite, phosphorus is in the orthophosphate form. Thus we concluded that the 
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orthophosphate ions in the glass lead to the formation of the crystalline phase whereas the 
diphosphate species remain in the amorphous phase. The significant increase of the cell 
parameter c around 800 °C is attributed to a departure of orthophosphate in insertion in the 
silica network and to the replacement of these groups by SiO4 groups. The orthophosphate 
species would then form the crystalline phosphate phase. 
After nucleation of the principal crystalline phase, differential grain growth leads to an Oswalt 
ripening, where only big crystallites can grow at the expense of smaller crystallites. Then, a 
migration of the phosphate vitreous phase around the bigger crystallites of Na2CaSi2O6 takes 
place. We can imagine that the new interface formed has a catalytic effect on the 
crystallization of the phosphate phase (i.e. the Na2CaSi2O6 surface acts as nucleation site for 
silicorhenanite). 
Höland et al. [29] studied the influence of rhenanite crystallization in bioactive glasses 
(containing, in wt.%, 6 P2O5, 58 SiO2, 22.8 Na2O, 12.9 CaO and 0.3 F) on the crystallization of 
carbonated hydroxyapatite on their surface. They concluded that this phase acts as 
heterogeneous nuclei for HCA crystallization and thus should improve the bioactivity. On the 
other hand, the state of phosphorus ions affects the bioactivity: glass ceramics containing a 
crystalline phosphate phase are less reactive than materials containing phosphorus in solid 
solution [11], and dissolution behaviour and bioactivity are decreased. It has still to be 
ascertained whether the behaviour of silicorhenanite (vs. HCA crystallization) is similar to the 
behaviour of rhenanite. 
Finally, melting takes place in the 1070–1278 °C range. The two endothermic peaks on DTA 
thermograms are related to the melting of the two crystalline phases. 
A summary of the transformations sequence is shown in Figure 12. 

V. Conclusion 
The bioactive glass 45S5 crystallizes principally in the Na2CaSi2O6 phase rather than 
Na2Ca2Si3O9 in the 600–700 °C range. We suspect the existence of a new crystallized 
phosphate phase, Na2Ca4(PO4)2SiO4. 
After the glassy transition and before the crystallization process, a spinodal transformation of 
the glassy phase into two immiscible phases occurs, one phase rich in silicon and the other 
rich in phosphorus. We believe that the first one leads to the major crystalline phase and the 
second one to the crystalline phosphate phase. 
The Rietveltd analyses showing the evolution of cell parameters in the major crystalline phase 
suggest that groups enter the silica network during glass synthesis. At 800 °C, these 5

4PO 

groups are substituted by silica and lead to the crystalline phosphate phase. 
Bioglass® crystallization kinetics show a rapid tendency of the material to crystallize. 
Furthermore, time–temperature–transformation curves were established which can be used 
to control the degree of crystallinity of porous blocks. We noticed, however, that these results 
cannot be extended to dense blocks. 
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FFiigguurree  11::  TTGGAA––TTDDAA  ooff  4455SS55  BBiiooggllaassss®®..  
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FFiigguurree  22::  EESSEEMM  mmiiccrrooggrraapphhss  ttaakkeenn  aatt  llooww  mmaaggnniiffiiccaattiioonn  oonn  oonnee  BBiiooggllaassss®®  ggrraaiinn  dduurriinngg  
iinn  ssiittuu  hheeaattiinngg  ffrroomm  rroooomm  tteemmppeerraattuurree  ttoo  995500  °°CC..  TThhrreeee  mmiiccrrooggrraapphhss  hhaavvee  bbeeeenn  sseelleecctteedd  
ttoo  sshhooww  tthhee  eevvoolluuttiioonn  ooff  ggrraaiinn  mmoorrpphhoollooggyy  wwiitthh  tteemmppeerraattuurree::  111100  °°CC  ((aa)),,  aarroouunndd  
TTgg11  ==  555500  °°CC  ((bb))  aanndd  TTgg22  ==  885500  °°CC  ((cc))..  



Acta Materiala, 2007, 55(10), 3305-3313, doi:10.1016/j.actamat.2007.01.029  
 

11 

 

FFiigguurree  33::  EESSEEMM  mmiiccrrooggrraapphhss  ttaakkeenn  iinn  ssiittuu  aatt  hhiigghheerr  mmaaggnniiffiiccaattiioonn  aatt  tthhee  ssuurrffaaccee  ooff  tthhee  
ssaammee  ggrraaiinn..  ((aa))  BBeellooww  TTgg11..  ((bb))  AAtt  TTgg11  ==  555500  °°CC..  ((cc))  AAnn  aaddddiittiioonnaall  eevveenntt  iiss  oobbsseerrvveedd  aatt  
TTss  ==  557700  °°CC,,  pprriioorr  ttoo  ccrryyssttaalllliizzaattiioonn,,  wwhhiicchh  wwaass  nnoott  oobbsseerrvveedd  oonn  tthhee  DDTTAA  tthheerrmmooggrraammss..  
TThhee  ssuurrffaaccee,,  wwhhiicchh  wwaass  ccoommpplleetteellyy  ssmmooootthh  aafftteerr  tthhee  ggllaassssyy  ttrraannssiittiioonn,,  pprreesseennttss  aa  ssppeecciiffiicc  
mmoorrpphhoollooggyy,,  wwiitthh  tthhee  ccrreeaattiioonn  ooff  ddoommaaiinnss..  ((dd))  TThhee  rreessuulltt  ooff  ccrryyssttaalllliizzaattiioonn,,  ttaakkeenn  aatt  
770000  °°CC,,  wwiitthh  tthhee  ffoorrmmaattiioonn  ooff  ““ccrraatteerrss””  aatt  tthhee  ssuurrffaaccee..  ((ee))  AAtt  880000  °°CC,,  mmiiggrraattiioonn  ooff  aa  
sseeccoonndd  pphhaassee  wwiitthh  aa  ddiiffffeerreenntt  mmoorrpphhoollooggyy  aanndd  ssttrruuccttuurree..  ((ff))  SSuurrffaaccee  aafftteerr  tthheerrmmaall  
ttrreeaattmmeenntt  aatt  995500  °°CC  ((tthhee  mmiiccrrooggrraapphh  wwaass  ttaakkeenn  aatt  aammbbiieenntt  tteemmppeerraattuurree,,  aafftteerr  ccoooolliinngg,,  
ttoo  eennssuurree  tthheerrmmaall  ssttaabbiilliittyy  aanndd  bbeetttteerr  ccoonnttrraasstt  aanndd  rreessoolluuttiioonn))..  
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FFiigguurree  44::  DDiiffffrraaccttooggrraammss  ooff  rraaww  aanndd  tthheerrmmaallllyy  ttrreeaatteedd  bbiiooaaccttiivvee  ggllaassss  4455SS55..  UUnnddeerr  
660000  °°CC  tthhee  BBiiooggllaassss®®  rreemmaaiinnss  aammoorrpphhoouuss..  OOvveerr  tthhiiss  tteemmppeerraattuurree,,  ccrryyssttaalllliizzaattiioonn  ttaakkeess  
ppllaaccee  bbyy  tthhee  ffoorrmmaattiioonn  ooff  NNaa22CCaaSSii22OO66  ((••::  PPDDFF  7777––22118899))..  AAtt  880000  °°CC,,  tthhee  ttwwoo  mmaajjoorr  ppeeaakkss  
ooff  tthhiiss  pphhaassee  bbeeggiinn  ttoo  bbee  ddiissssoocciiaatteedd  wwhhiillee  tthhee  ccrryyssttaalllliizzaattiioonn  ooff  ssiilliiccoorrhheennaanniittee  (( ::  PPDDFF  
3322––11005533,,  iissoossttrruuccttuurraall  ttoo  aappaattiittee))  bbeeggiinnss..  AAtt  11005500  °°CC,,  tthhee  mmaatteerriiaall  bbeeggiinnss  tthhee  mmeellttiinngg  
pprroocceessss))..  

 

FFiigguurree  55::  SSeeppaarraattiioonn  ((ΔΔ22θθ))  ooff  tthhee  ttwwoo  ppeeaakkss  ooff  mmaajjoorr  iinntteennssiittyy  ooff  NNaa22CCaaSSii22OO66  aass  aa  
ffuunnccttiioonn  ooff  tteemmppeerraattuurree..  AA  lliinneeaarr  ddeeppeennddeennccyy  iiss  oobbsseerrvveedd..  
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FFiigguurree  66::  RRiieettvveellttdd  rreeffiinneemmeenntt  aapppplliieedd  ttoo  tthhee  ddiiffffeerreenntt  ddiiffffrraaccttooggrraammss  ffrroomm  775500  ttoo  
995500  °°CC  ttoo  mmeeaassuurree  tthhee  llaattttiiccee  ppaarraammeetteerrss  ((aa  aanndd  cc))..  

 

FFiigguurree  77::  FFTTIIRR  ssppeeccttrraa  ttaakkeenn  oonn  tthhee  ppoowwddeerr  bbeeffoorree  aanndd  aafftteerr  tthheerrmmaall  ttrreeaattmmeenntt  aatt  
880000  °°CC..  
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FFiigguurree  88::  IIssootthheerrmmaall  ccrryyssttaalllliizzaattiioonn  ppeeaakkss  oobbttaaiinneedd  bbyy  DDSSCC  aatt  ddiiffffeerreenntt  tteemmppeerraattuurreess..  

 

FFiigguurree  99::  PPlloott  ooff  ααTT((tt))  vvss..  ttiimmee  oobbttaaiinneedd  ffrroomm  tthhee  DDSSCC  mmeeaassuurreemmeennttss  aanndd  ffrroomm  EEqquuaattiioonn  
((22))..  
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FFiigguurree  1100::  TTTTTT  ccuurrvveess  ooff  4455SS55  BBiiooggllaassss®®..  

 

FFiigguurree  1111::  VVaalluueess  oobbttaaiinneedd  ffoorr  nn  aanndd  llnn((bb))  ffoorr  eeaacchh  tteemmppeerraattuurree..  

 

FFiigguurree  1122::  SSuummmmaarryy  ooff  tthhee  ssttrruuccttuurraall  ttrraannssffoorrmmaattiioonnss  ooff  4455SS55  wwiitthh  tteemmppeerraattuurree..  
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Tables 

TTaabbllee  11::  NNaa22CCaaSSii22OO66  ccrryyssttaall  ssiizzee  eevvaalluuaatteedd  ffrroomm  XXRRDD,,  ccaallccuullaatteedd  ffrroomm  EEqquuaattiioonn  ((11))    

TTeemmppeerraattuurree  ((°°CC))  650 750 800 850 950 

CCrryyssttaall  ssiizzee  ((nnmm))  18 15 36 35 41 
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