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The dependence of the crystallization activation energy Ec of 60ZnO-

30B2O3-10SiO2 glass on the La2O3 doping amount is illustrated in Figure, 

the change trend of Ec values estimated by Ozawa and Kissinger methods 

is same, as the doping amount of  La2O3 increases from 0 to 8 mol%, the 

maximum value of crystallization activation energy Ec appears at 4 mol% 

of La2O3, indicating that the crystallization barrier need to overcome is 

largest for glass doped with 4 mol% of La2O3 , as a result, the 

crystallization of glass is inhibited. This result can be used to control the 

depth of crystal layer at glass surface, crystallinity and thermal stability of 

60ZnO-30B2O3-10SiO2 glass by doping with different content of La2O3.  
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Abstract：In order to investigate the effect of the La2O3 on the phase separation and 
crystallization of ZnO-B2O3-SiO2 glass, after the occurence of the phase separation 
and crystallization of glasses by heat treatment, the microstructure morphology and  
distribution of elements in different sample areas were characterized by the scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS); the non-
isothermal crystallization kinetics of the glass samples was studied by using a 
differential scanning calorimeter (DSC) and the precipitated crystals of crystallized 
glass were determined by the X-ray diffraction (XRD). The results suggest that the 
phase separation and crystallization of 60ZnO-30B2O3-10SiO2 glass occur at glass 
surface, and the incorporation of small amount (< 4 mol%) of La2O3 significantly 
inhibits the glass phase separation and consequently improves the thermal stability of 
glass. Doping of La2O3accelerates the glass crystallization at the elevated temperature 
(660 ºC), making the depth of crystal layer thicker and diffraction intensity in XRD 
patterns stronger. However, due to the precipitation of several crystals that occur 
simultaneously when La2O3 doping amount is 4mol%, crystallization of the 60ZnO-
30B2O3-10SiO2 glass is obviously depressed, the crystallization activation energy Ec 
and the relative crystallinity Xc of the glass reach the maximum and the minimum 
values, respectively. Although transition from one-dimensional growth of crystals to 
two-dimensional growth of crystals results from La2O3 addition, the one-dimensional 
growth of crystals remains dominant in crystallization process. This work can provide 
some useful information for preparing glass ceramics with nano-crystals precipitated 
in the glass surface.
Keywords: zinc borosilicate glass;La2O3;phase separation; crystallization; rare earths

1. Introduction
ZnO based materials have been extensively applied in the field of optoelectronic 

devices, gas sensor, catalyst and new energy materials due to the semiconducting 
properties of zinc oxides [1, 2]. Meanwhile, glasses in the composition of  ZnO-B2O3-
SiO2 system have attracted numerous attention in luminescent, optical storage, solid 
laser and sealing  areas because of the excellent optical properties, low thermal 
expansion coefficient  and melting temperature [3, 4]. The properties of glass mainly 
depend on the structure given by its specific chemical compositions. It is well known 
that SiO2 and B2O3 are the typical glass network former, silicon atom present in form 
of [SiO4], boron existing in [BO3] and [BO4], depend on the specific chemical 
composition of glass. The coordination numbers of zinc in glass could be 4 and 6, 
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which is named as network intermediate. Zinc oxide has dual role in the glass 
structure,  increases the connectivity of glass structure as zinc exists in [ZnO4], and 
provides non-bridging oxygen and makes the glass structure open when coordination 
number of zinc is 6 [5]. As for optical materials, rare earth elements with abundant of 
energy levels are commonly incorporated into glass to tailor the luminescent 
properties of optical materials [6-11].  Rare earth ions always exist in glass as network 
modifier, and it has higher cationic field strength, which has strong effect on the basic 
building units in glass structure and makes the order and disorder state of local 
structure more complicated,  consequently results in the occurence of phase separation 
and crystallization of glass containing rare earth elements [12]. It was reported that, 
addition of rare earth oxides such as La2O3, CeO2, Nd2O3, Eu2O3 and Y2O3 has 
significant impact on the nucleation and crystal growth of MgO-Al2O3-SiO2, Li2O-
Al2O3-SiO2, La2O3-B2O3 and Li2O-SiO2 glasses [13-15]. Apart from the effect of rare 
earth elements on the microstructure of glass structure, competition of B and Zn for 
oxygen to satisfy their coordination requirements and different structure between[BO3] 
and [SiO4] units make the phase separation and crystallization of ZnO-B2O3-SiO2 
system glass much more easy to occur during process[5, 16], as a result, thermal 
stability and glass forming ability of ZnO-B2O3-SiO2 system glass, specially for the 
glass containing high amount of ZnO and B2O3, are deteriorated seriously[16]. Thereby, 
it is interesting to explore the effect of rare earth elements on the phase separation and 
crystallization of ZnO-B2O3-SiO2 system glass. In our previous work [16], it shows that 
different contents of La2O3 and Y2O3 doping into ZnO-B2O3-SiO2 system glass has 
different influence on the glass forming ability due to their effect on the conversion of 
[BO3] and [BO4], [ZnO4] and [ZnO6]. Thereby, the objective of this work is to 
investigate the effect of the La2O3 on the phase separation and crystallization of ZnO-
B2O3-SiO2 glass, the microstructure morphology and the distribution of elements in 
the different areas after phase separation, and crystallization of glasses heat treatedare 
characterized by SEMequipped with EDS, as well crystallization kinetics of the glass 
were studied by non-isothermal methods. 
2 Experimental 
2.1 Glass preparation

60ZnO-30B2O3-10SiO2 glasses doped with different contents of La2O3 (2 mol%, 
4 mol%, 6 mol% and 8 mol%) were prepared by melt quenching method. The used 
raw materials were analytical grade reagents including boric acid, ZnO, SiO2 and 
La2O3. To be simple, the prepared glass samples were named as B0 for glass doped 
without La2O3, L1, L2, L3 and L4 for glass doped with La2O3. After mixing 
thoroughly, 100 g of batch in the platinum crucible was melted in electric furnace at 
1100–1300 ºC for 1–2 h depending on the glass chemical composition, followed by 
annealing at 550 ºC in a furnace for 1h, and then naturally cooled down to room 
temperature. Annealed glasses were cut into regular samples of 5 mm×10 mm×20 mm, 
and heat treated by specific thermal schedule for the study requirements of phase 
separation and crystallization of glass, and the specific heat treatment schedules were 
determined on the basis of sample thermal analysis. By cutting and polishing of heat 
treated glasses the samples for observing phase separation and crystallization 
behaviors were obtained. 
2.2 Characterization 

To obtain the glass transition temperature Tg  and crystallization temperature Tp 
of glass,  the thermal analysis for grinded glass powder was carried out by a 
differential scanning calorimeter (DSC, Model STA449C, Germany). The glass 
powders were heated in nitrogen atmosphere from room temperature to 900 ºC with 
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different heating rates (β=5, 10, 15 and 20 ºC/min). The measurement error of Tg and 
Tp values is ±1 ºC. To observe the morphology of phase separation occurred and the 
crystallite phase precipitated in the glass, the measured surfaces of the samples were 
polished and then eroded in the 4.0 wt% HF acid solution for 10-30s. After cleaning 
with deionized water and dry in air, the measured surfaces sprayed with a layer of 
gold were performed by scanning electron microscopy analysis (SEM FEI QUANTA-
400 and ZEISS Sigma 500). Meanwhile, the distribution of elements in the different 
areas after phase separation and crystallization of glasses heat treated were 
characterized by EDS. The precipitated crystallites of the heat treated specimens were 
identified by the an X-ray powder diffractometer (XRD, Model QUEST, America), 
using Cu Kα radiation. The XRD patterns were recorded in 2θ range of 10°–80° at the 
step size of 0.04. The XRD data were analyzed using Jade software.
3 Results and discussion
3.1 DSC analysis

Fig. 1 illustrates the DSC curves for glass samples B0, L1, L2, L3 and L4 at 
heating rate of 5, 10, 15 and 20 ºC/min. It is observed that glass transition temperature 
Tg and crystallization temperature Tp for all glasses shift to higher temperature with 
increase of heating rate, which is in agreement with the results reported by other 
researchers [17–19]. For base glass B0, there are two distinct exothermic peaks Tp1 and 
Tp2, as shown in Fig. 1(a), Tp1 is of 725 ºC and Tp2  760 ºC for the DSC curve carried 
out at heating rate of 10 ºC/min. Two exothermic peaks present in DCS measurements 
suggest that there are transformation of crystal form or simultaneous precipitation of 
different crystal in zinc borosilicate base glass when heat treatment is carried out on it. 
While there is one exothermic peak for La2O3 doped glass as shown in Fig. 1(b–e).

Fig.1 DSC curves of the glasses samples. (a) B0; (b) L1; (c) L2; (d) L3; (e) L4.

3.2Phase separation of parent glass
It is well known that the occurence of glass phase separation can be observed by 

heat treating the glass at the temperature close to glass transition temperature Tg
[20].  

Glass transition temperature of 60ZnO-30B2O3-10SiO2 parent glass is about 570 ºC 
when the heating rate is 10 ºC/min, as shown in Fig. 1(a). Thereby, the parent glass 
B0 were heat treated at temperatures of 620 and 640 ºC, respectively for 5 or 10 h, 

file:///C:/Users/F%2560L/AppData/Local/youdao/DictBeta/Application/7.0.0.1012/resultui/dict/../dict/result.html%3Fkeyword=America
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and the phase separation of glass B0 are given in Fig. 2. It is found that the phase 
separation of glass B0 occurs at the glass surface, and the morphology of phase 
separation is mainly wormlike along with a few of isolated droplets. Comparing the 
glass B0 heat treated at 620℃for 5h (Fig.2 (a)) with glass B0 at 640 ºC for 5 h (Fig. 
2(b)), the phase separation becomes more severe with the increase of heat treatment 
temperature from 620 to 640 ºC when keep the duration of heat treatment constant, 
which is mainly due to the easier structure rearrangement caused by the open glass 
structure as the temperature increases. When keeping the teat treatment temperature at 
640 ºC, the phase separation of glass B0 gets more serious with prolonging the teat 
treatment time from 5 to 10 h, as shown in Fig. 2(b) and (c). Besides, a few crystals 
are precipitated as illustrated in framed area in Fig. 2(c), in order to obtain the detail 
information about crystallization behavior, the magnified view of the framed region in 
Fig. 2(c) is given in Fig. 2(d). It suggests that the crystal growth along with the 
interfaces between the two phases caused by heat treatment, orients to the inside of 
glass and extends to the in walls of phases. The way of crystal nucleation and growth 
mainly correlates with two factors. On the one hand, the larger surface area of 
interface caused by phase separation makes the nucleation occur easier at the interface, 
on the other hand the components in one phase is really similar with the components 
of crystal precipitated in the interface between two phases, as a result decreasing the 
nucleation activation energy and facilitating the nucleation and crystal growth [21].Due 
to the larger surface area and more structure defect near glass surface, and there is not 
nucleating agent in glass chemical compositions, the phase separation easier occurred 
near glass surface rather than glass bulk, and phase separation facilitates the 
crystallization.

Fig. 2 The SEM images of phase separated B0 glass. (a) Glass B0 heat treated at 620 
ºC for 5 h; (b) Glass B0 at 640 ºC for 5 h; (c) Glass B0 at 640 ºC for 10 h; (d) The 

enlarged view of the red region in fig(c).

3.3 Phase separation and crystallization of La2O3containing glass
60ZnO-30B2O3-10SiO2 glasses doped with different contents of La2O3 were heat 

treated at 620 ºC for 5 h to observe the variation of phase separation of glass. As 
shown in Fig. 3, comparing with Fig. 2, phase separation of glass is significantly 
inhibited as doping content of La2O3 is less than 4 mol% (Fig.3 (a) and (b)), while 
more than 4 mol%, the phase separation becomes serious, and is accompanied with 
precipitation of crystals (Fig. 3(c) and (d)). It is obvious that the extent of 
crystallization increases with increase of La2O3 doping content in parent glass when 
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comparing Fig. 3(c) with (d). Additionally, the phase separation and crystallization 
keep occurring at the glass surface, indicating that the addition of La2O3 into glass has 
slight influence on the mechanism of phase separation and crystallization of 60ZnO-
30B2O3-10SiO2parent glass, and it can be concluded that phase separation of 60ZnO-
30B2O3-10SiO2glass can be depressed when a small amount of La2O3 (< 4 mol%) is 
added into glass, in turn improves the thermal stability of glass which has been 
reported in our previous study [16], while the doping content of La2O3 is more than 4 
mol%, the crystallization of 60ZnO-30B2O3-10SiO2glass can be accelerated maybe 
because La2O3 acts as nucleating agent in glass, thereby the thermal stability of glass 
deteriorates [13,14].

Fig. 3 SEM micrographs showing the surface microstructure of the glass doped with 
La2O3 heat treated at 620 ºC for 5 h.

To determine the distribution of glass components such as La and other elements 
after phase separation and crystallization, backscattered scanning and energy 
dispersive spectroscopy for glass L4 subjected heat treatment at 640 ºC for 5 h, 
polishing and gold sputtering, was carried out and the results are illustrated in Fig. 4. 
It can be seen from Fig. 4(a) that slight phase separation and obvious dendritic crystal 
are formed at the glass surface, suggesting that distribution of glass components in the 
dark and slight grey regions is different. Fig. 4(c) and (d) give the EDS results for A 
(dark grey region) and B (slight grey region) areas in Fig. 4(b), and the specific 
distribution of glass components are listed in Table 1. Comparing the elements 
contents in A and B regions, B region is mainly rich in La and Si, while A region is 
mainly rich in Zn, and according to XRD results (next section) the B also aggregates 
in dark grey region, which suggests that regions rich in La and Si as well as Zn and B 
are formed in 60ZnO-30B2O3-10SiO2glass by phase separation and crystallization.

Fig.4 The backscattered electron scanning images of samples L4 heat treated at 640℃
for 5 h. (a) The microscopic appearance of glass samples; (b) The amplification of Fig. 

(a); (c and d) EDS patterns of marked areas A and B
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Table 1 Distribution of element content of different region caused by phase separation
Mass fraction Atom fractionElement A B A B

O 17.14 13.43 46.28 42.85
Si 2.29 5.16 3.52 9.37
La 8.9 38.17 2.71 14.02
Zn 71.86 43.23 47.49 33.75

It has been demonstrated that the crystallization occurs for the 60ZnO-30B2O3-
10SiO2 glass doped with more than 4 mol% La2O3 when heat treatment was done at 
620 ºC for 5 h. To further investigate the effect of La2O3 content on the crystallization 
of 60ZnO-30B2O3-10SiO2glass, glasses doped with different contents of La2O3 were 
heat treated at elevated temperature (660 ºC for 5 h), the variation of crystallization 
behavior performed at the glass surface. Fig. 5 shows the surface microstructure of the 
glass samples heat treated at 660 ºC for 5 h. Crystallization for all glasses occurs at 
their surface and precipitated crystals are dendritic and orient inside of glass,  
incorporation of La2O3 accelerates the crystallization of glass and makes the 
precipitated crystals more fine and close when comparing with the glass B0. 
Additionally, the depth of crystal layer precipitated at the glass surface increases from 
about 172.4 m for B0 to 1111 m for L4 as the doping amount of La2O3 increases 
from 0 to 8 mol%, indicating that except glass L2 as shown in Fig. 5(c), crystal layer 
depth increases with increase of La2O3 content.  Fig. 6 presents the XRD patterns of 
all glasses heat treated at 660 ºC for 5 h. It shows that the diffraction intensity in XRD 
patterns increases with the increase in La2O3 amount, however, the diffraction 
intensity in XRD patterns for sample L2 is not increased obviously, which is in 
agreement with the results depth of crystal layer at glass surface. From the XRD 
patterns, one can also find that the main crystallite phase is Zn3B2O6 for glass B0, as 
doping content of La2O3 in parent glass increases up to 4 mol%, the crystallites 
LaBO3 and Zn2SiO4 begin to precipitate simultaneously with Zn3B2O6, this might be 
the reason for slight decrease of crystal layer depth and diffraction intensity for glass 
L2 comparing with other glass doped with La2O3, potential barrier for crystallization 
for glass L2 becomes larger due to several crystals precipitated simultaneously, 
nucleation and crystal growth consequently are inhibited [13,14, 22].
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Fig.5 SEM micrographs showing the surface microstructure of the glass samples heat 
treated at 660 ºC for 5 h.

Fig.6 XRD patterns of different amount of La2O3 doped glass samples

To quantitatively characterize the effect of La2O3 on the crystallization degree of 
60ZnO-30B2O3-10SiO2 glass, crystallinity Xc defined as the ratio of precipitated 
crystals volume to original volume of glass is calculated by following expression on 
the basis of XRD data [23,24].

                   (1)
100%

ac

c
c 




II
IX

where Ia is integral sum of all diffuse peak, Ic is integral sum of all crystal peak in 
XRD patterns. Ia, Ic and Xc are values calculated on the basis of XRD results as shown 
in Fig. 6 are listed in Table 2. The dependence of glass crystallinity on the La2O3 
doping amount is given in Fig. 7, the crystallinity of glass decreases firstly and then 
increases with increasing of La2O3 content from 0 to 8 mol%, minimum value for 
glass crystallinity appears at glass L2 doped with 4 mol% La2O3. This is mainly due 
to the variation of potential barrier for glass nucleation and crystal growth caused by 
the incorporation La2O3 in 60ZnO-30B2O3-10SiO2 glass, which will be discussed in 
next section.
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Table 2 The Ia, Ic and Xc values of glasses calculated from the XRD pattern
Glass T/℃ t/h Ia (a.u.) Ic (a.u.) Xc/%

B0 660 5 11687 5528 32.0
L1 660 5 10157 1888 15.7
L2 660 5 15827 1030 6.1
L3 660 5 5149 2771 35.0
L4 660 5 3705 3775 50.5

Fig.7 The crystallinity and crystallization activation energy of La2O3 doped glass 
samples

3.4 Crystallization kinetics
The difficulty of glass crystallization can be characterized by the crystallization 

activation energy, glass structure rearrangement when glass transforms into crystals 
needs to overcome the crystallization barrier which is defined as crystallization 
activation energy Ec. The larger the crystallization activation energy, the higher the 
crystallization barrier needs to overcome; nucleation and crystal growth rates become 
slowly, consequently the crystallization of glass is depressed [25,26]. To quantitatively 
explore the effect of La2O3 doping amount on the crystallization activation energy Ec 
of 60ZnO-30B2O3-10SiO2 glass, two expressions were used to estimate the Ec value. 
One is the Kissinger equation [26,27],

（2）
2

p c pln( / ) cons tan /T t E RT  

The other is Ozawa expression [28] as following,

（3）c pln cons tan /t E RT  

Where β is heating rate, Tp crystallization peak temperature, R gas constant. And 
according to the specific experimental data, the ln (β/Tp

2) versus 1000/Tp and ln β 
versus 1000/Tp plots (as shown in Fig. 8) for parent and La2O3 doped sample at 
different heating rates are fitted on the basis of Kissinger (Fig. 8(a)) and Ozawa (Fig. 
8 (b)) equations, the crystallization activation energy can be obtained from the slope 
Ec/R of lines and summarized in Table 3. For comparison, the dependence of the 
crystallization activation energy Ec of 60ZnO-30B2O3-10SiO2 glass on the La2O3 
doping amount is illustrated in Fig. 7,  the value of Ec obtained by Ozawa method is 
larger than that by Kissinger, but the change trend of Ec values estimated by two 
different methods is the same, Ec values increase firstly from 147.1 to 158.8 kJ/mol 
and then decreases to 148.7 kJ/mol for Kissinger method, 159.2 to 170.7 then to 160.5 
kJ/mol for Ozawa method as the doping amount of  La2O3 increases from 0 to 8 mol%, 
the maximum value of crystallization activation energy Ec appears at 4 mol% La2O3, 
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indicating that the crystallization barrier that needs to overcome is the largest for glass 
L2, as a result, the crystal nucleation and crystallization in glass L2 is inhibited 
because the several crystals (Zn3B2O6, LaBO3 and Zn2SiO4)are precipitated 
simultaneously as shown in Fig. 6. This can be used to explain variation trends for the 
depth of crystal layer at glass surface, X-ray diffraction intensity and crystallinity of 
60ZnO-30B2O3-10SiO2 glass doped with different contents of La2O3. This also 
suggests that crystallization of glass L2 is the hardest comparing with other La2O3 
doped glasses, namely its thermal stability is the best, which is in good agreement 
with our previous results characterized by parameter S [16]. It can be concluded that 
the crystallization and thermal stability of 60ZnO-30B2O3-10SiO2 glass can be 
depressed and improved by doping less than 4 mol% La2O3, while introduction of 
more than 4 mol% La2O3 facilitates the crystallization behavior of this glass.

Table 3 The crystallization activation energy Ec and crystal growth parameter n.
Ec（kJ/mol） n mGlass
Kissinger Ozawa Kissinger

B0 147.1 159.2 2.00 1
L1 150.3 162.5 2.12 1
L2 158.8 170.7 2.10 1
L3 152.1 163.8 2.08 1
L4 148.7 160.5 2.48 1

Fig. 8 (a) ln(β/Tp
2) versus 1000/Tp plots for B0, L1, L2, L3 and L4 samples at 

different heating rates; (b) ln β versus 1000/Tp plots.

The mechanism for the crystallization of 60ZnO-30B2O3-10SiO2glass doped 
with different contents of La2O3 is calculated by Augis–Bennett equation[29],

（4）c

2
p5.2

E
RT

ΔT
n 

where n is Avrami index correlated with phase transformation mechanism; ΔT is the 
full width at half maximum of the exothermical peak in DSC curve. The n values 
obtained from Kissinger results and specific experimental data are shown in Fig. 1, 
and m calculated according to n value [30] is as well listed in Table 3. Values of n and 
m for parent glass are 2 and 1, indicating that both one-dimensional growth of crystals 
and surface crystallization mechanisms occur in glassy to crystalline transformation of 
60ZnO-30B2O3-10SiO2parent glass. With incorporation of La2O3 into parent glass, 
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the Avramiexponents n is more than 2, and m approximate to 1, suggesting that 
transition from one-dimensional growth of crystals to two-dimensional growth of 
crystals occurs at glass surface, but the one-dimensional growth of crystals remains 
dominant in crystallization process. These are consistent with the crystallization 
behavior as shown in Fig. 5.
4 Conclusions
The influence of La2O3 on the phase separation and crystallization behavior of 
60ZnO-30B2O3-10SiO2 glass was investigated in this work, the phase separation and 
crystallization of 60ZnO-30B2O3-10SiO2 glass occur at glass surface when glasses are 
heat treated at about glass transition temperature, and the incorporation of small 
amount (< 4 mol%) of La2O3 significantly inhibits the glass phase separation and thus 
improves the thermal stability of glass. The depth of crystal layer and diffraction 
intensity in XRD patterns of all glasses heat treated at 660 ºC for 5 h, show that 
doping ofLa2O3 accelerates the crystallization of parent glass, however, the diffraction 
intensity in XRD patterns for sample L2 (4 mol% La2O3) is not increased obviously 
due to crystallites LaBO3 and Zn2SiO4 begin to precipitate simultaneously with 
Zn3B2O6. Crystallization kinetics results indicate that as the doping amount of  La2O3 
increases from 0 to 8 mol%, the crystallization activation energy increases firstly and 
then decreases, the maximum value of crystallization activation energy appears at 4 
mol% La2O3, indicating that the crystallization barrier needing to overcome is the 
largest for glass L2. And transition from one-dimensional growth of crystals to two-
dimensional growth of crystals occurs at glass surface, but the one-dimensional 
growth of crystals remains dominant in crystallization process.
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Graphic abstract:

The dependence of the crystallization activation energy Ec of 60ZnO-30B2O3-10SiO2 glass on the 
La2O3 doping amount is illustrated in the figure, the change trend of Ec values estimated by Ozawa 
and Kissinger methods is the same, as the doping amount of La2O3 increases from 0 to 8 mol%, 
the maximum value of crystallization activation energy Ec appears at 4 mol% of La2O3, indicating 
that the crystallization barrier needing to overcome is the largest for the glass doped with 4 mol% 
La2O3, as a result, the crystallization of glass is inhibited. This result can be used to control the 
depth of crystal layer on glass surface, crystallinity and thermal stability of 60ZnO-30B2O3-
10SiO2 glass by doping with different contents of La2O3
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