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摘  要：总结了利用原位透射电子显微镜(TEM)技术观察纳米颗粒在玻璃介质中结晶过程的研究进展。原位 TEM 技术可以

提供一个实时记录纳米颗粒形核结晶以及长大的动力学平台，该技术为理解和优化微晶玻璃中纳米颗粒生长机理提供了方

法，从而为实现优化纳米颗粒结晶性、形貌以及其物理特性提供了直接途径。此外，还总结了微晶玻璃中纳米颗粒的成核机

理，详细讨论了温度和电子束(E-beam)对纳米颗粒在玻璃介质中生长动力学过程的影响，并提出了原位 TEM 技术在微晶玻

璃材料中应用的机遇和挑战。 
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Abstract: Recent work on the characterization of nanoparticles crystallization process in glassy matrix by in-situ transmission 
electron microscopy (TEM) was represented. In-situ TEM technique as an effective tool can determine the structural dynamics of 
nanoparticles in real-time to clarify and optimize their structures and properties. We summarized the dynamic process stages of glass 
ceramics growth, i.e., phase separation, nucleation, crystallization and coalescence. The electron beam (E-beam) and thermal effects 
on the nanoparticle growth process in glassy matrix were discussed. In addition, the opportunities and challenges of in-situ TEM 
applied to glass ceramics were also proposed. 
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1  Introduction 
Glass ceramic as at least one type of functional 

crystalline phase and residual glass is fabricated via 
controlled crystallization of glass with different 
compositions in various processing methods[1]. The 
properties of glass ceramics can be modulated in various 

aspects, such as mechanical, chemical, optical, and 
thermal properties, which are depended on the 
microstructure, size, morphology, and distribution of 
nanoparticles in vitreous glassy matrix. Glass ceramics 
are applied to abrasion materials, crystallization glaze in 
space and electronic industries due to their unique 
characteristics[2–4]. Recent work reported the upconversion  
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luminescence of rare-earth element doped oxyfluoride 
glass ceramic, which can realize the conversion from 
infrared light to visible light[5–6]. This glass ceramic has 
great potential applications in visible light solid-state 
lasers or other fields, and becomes a research hotspot 
worldwide. Since a suitable crystalline phase with a 
proper microstructure is critical for obtaining desirable 
optical properties, chemical and thermal stabilities, it is 
thus rather important to control and optimize the 
crystallization process of nanoparticles. Clarifying the 
kinetics growth process of nanoparticles in glassy system 
is thus considered as one of the most important steps for 
designing the desired properties of glass ceramics.  

In-situ TEM has attracted much attentions recently. 
It can provide a platform to record the structural 
dynamics process of nanoparticles [7–9]. Therefore, it is 
necessary to clarify the formation of glass ceramic by 
using in-situ TEM. In this paper, we represented the 
design and the development of in-situ TEM for the 
characterization of glass ceramic, and discussed the 
crystallization behavior of nanoparticles of glass 
ceramic[10]. Besides, the universality of in-situ TEM by 
varying molar compositions was highlighted. We 
summarized the E-beam and thermal effects on the 
nanoparticle growth process. In addition, we also 
provided a challenge for future development and 
application of in-situ TEM applied to glass ceramics. 

2 Design and fabrication of amorphous 

glass by in-situ TEM technique  
Glass can be fabricated by using glass melting 

methods, i.e., raw materials with different molar 
compositions are mixed and melted at a high 
temperature, and then the melted mixture is poured out to 
form amorphous glass. Amorphous glass needs to be 
ground into the finer size to obtain in-situ TEM images. 
Figure 1 shows the diagram of in-situ TEM measurement 
for glass ceramics. In Fig. 1b, amorphous glass is 
dispersed with alcohol on a carbon membrane of a 
heating chip. In Fig. 1a, the heating chip is then installed 
by a heating holder after alcohol is evaporated. The 
nanoparticles can be emerged in glassy matrix to form 
glass ceramics during in-situ TEM measurement due to 
the thermal annealing or E-beam irradiation. There are 
some advantages of using a glassy matrix to observe the 

nanoparticles growth by in-situ TEM, such as 
high-temperature operation (>180 oC), high spatial 
resolution, high temporal resolution and compaction with 
a conventional TEM system [10]. 

Glasses have little change in a high vacuum 
environment, and can withstand at a high temperature, so 
using an amorphous glass to determine the crystallization 
behavior is thus easily manipulated. Besides, glassy 
matrix can provide a high temporal resolution without 
the use of ultrafast recording devices because atoms have 
a low diffusion rate in glassy matrix rather than in liquid. 
Furthermore, glass has a higher tolerance to ionize the 
radiation damage rather than liquid. The nucleation and 
crystallization rates can be controlled to realize 
high-resolution (HR) in-situ TEM recording. The in-situ 
TEM for the observation of nanoparticles growth in a 
glassy matrix can present a stale growth process with a 
high spatial and temporal resolution, showing that the 
detailed transition dynamic of the nanocrystal formation 
from glass matrix can be recorded in a long irradiation 
period. 

Table 1 shows the operation parameters for 
amorphous glass with different material compositions. 
Clearly, ZnO, CsPbBr3, Ba2LaF7 and Ag represent oxide, 
perovskite, semiconductor and metal materials, 
respectively, which are selected to demonstrate the 
universality of in-situ TEM measurement on amorphous 
glass. Our group also used in-situ TEM to observe 
Ba2LaF7 nanoparticles growth and coalescence in 
45SiO2–15Al2O3–12Na2O–21BaF2–7LaF3 glass. In our 
work, 45SiO2–15Al2O3–12Na2O–21BaF2–7LaF3 glass 
ceramic was firstly heated at 680 oC to form Ba2LaF7 
nanoparticles under atmospheric condition[10], showing 
that Ba2LaF7 nanoparticles could be obtained in the glass 
composition, and then the amorphous glass 
(45SiO2–15Al2O3–12Na2O–21BaF2–7LaF3) was 
dispersed at heating chips for in-situ TEM measurement. 
Also, Ba2LaF7 nanoparticles could be formed at an 
E-beam irradiation of 2.7 A/cm2 and a heating 
temperature of 500 oC. The success of in-situ TEM 
measurement of Ba2LaF7 nanoparticles indicates that the 
amorphous glass can act under the growth condition to 
support the nanoparticles formation. Subsequently, ZnO, 
Ag and perovskite nanoparticles can be also formed due 
to the E-beam and thermal effects. In Table 1, the heating 
temperature and E-beam intensity are modulated for 
different materials and compositions [11–12].  

 

 
 

(a) Heating chip is loaded by TEM heating chip, (b) TEM heating chip deposits with amorphous glass, (c) Enlarged heating chip, and  
(d) micro-diagram of an amorphous glass before and after thermal annealing and E-beam irradiation. 

Fig. 1  Diagram of in-situ TEM measurement for glass ceramics 
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Table 1  Operation parameters for glass ceramics with different material compositions 

Sample Molar Compositions T (in atmosphere) NP (1) T (In-situ TEM) NP (2) 
1 40SiO2-10Al2O3-15K2O-35ZnO 780 °C ZnO 750oC+2.7A/cm2 ZnO 
2 45SiO2-15Al2O3-12Na2O-21BaF2-7LaF3 680 °C Ba2LaF7 500oC+2.7A/cm2 Ba2LaF7 
3 65B2O3-8Al2O3-27Na2O-Ag2O 300 °C Ag RT+2.7A/cm2 Ag 
4 6ZnO-3SrCO3-9Cs2O-3PbBr2-6NaBr 500 °C CsPbBr3 RT+2.7A/cm2 CsPbBr3 

RT — Room temperature; T — Temperature; NP (1) — Nanoparticles formed in atmosphere; NP (2) — Nanoparticles formed by in-situ TEM. 
 

3  Growth process of nanoparticles in 

glassy matrix 
Investigating the nanoparticle crystallization 

mechanism in glassy matrix can solve one of the basic 
scientific issues in a glass ceramic. Because the 
formation dynamic, nanoparticle size/morphology, and 
crystalline property of glass ceramic can be modulated 
for the optimization of its corresponding physical 
properties. A recent work[12] used in-situ TEM to 
investigate the formation dynamic of ZnO nanoparticles 
in glassy matrix in atomic scale. The results indicate that 
high spatial and temporal resolutions of the TEM 
observation provide a possibility for understanding the 
growth mechanism, diffusion, and coalescence process of 
glass ceramic. The nanoparticles formation in glassy 
matrix is augmented via improvement in a resolution 
under the effects of thermal and E-beam energies, 
allowing a greater range of synthesis techniques to be 
addressed. Glass ceramic formation process involves the 

glass molecular structure, amorphous phase separation 
and crystallization process.  
3.1  Nucleation process of glass ceramic 

Nucleation process is a key factor controlling the 
crystallization process, and it is a first step in the 
formation of either a thermodynamic phase or a structure 
by self-organization or self-assemble process[13–15]. 
Russel et al reported the interpenetration phase 
separation and their compositional evolution by TEM[16]. 
They reported that the size and phase of crystals in glassy 
matrix can be controlled by the initial phase separation. 
Figure 2a shows their results, which reported that the 
crystallization behavior can be changed by modulating 
the glasses compositions of xKF−xZnF2−(100‒2x)SiO2 
oxyfluoride glass. When the compositional threshold of x 
is 20% and 22.5% in glassy matrix, glass compositions 
with two thresholds concentrations have two different 
microstructures, showing different phase separations and 
compositional evolutions in glassy systems. It is 
concluded that the nanoparticle size and crystal phase 
(i.e., K2SiF6 and KZnF3) of glass ceramic can be 
modulated via the initial phase separation.  

 

 
 

Fig. 2  Nucleation of nanoparticles in glassy matrix 
 

In our recent work[11–12], in-situ TEM technique was 
used to determine the nucleation process with different 
nanoparticles, e.g. CsPbBr3, ZnO.  Figure 2b, shows the 
nucleation process of CsPbBr3 in 34B2O3–3SiO2–8ZnO– 
3SrO–8Cs2O–3PbBr–6NaBr glassy matrix. The results 

show that the nucleation process of CsPbBr3 
nanoparticles at E-beam irradiation includes phase 
separation, aggregation and finally formation of CsPbBr3 
nanoclusters. The initial TEM image of glassy matrix 
appears at 0 s. The phase separation occurs as the 
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irradiation time prolongs (at 22 s). At 53 s, the nucleation 
and growth processes occur. Also, the similar nucleation 
also appears in ZnO glass ceramic with the glass 
composition of 40SiO2–10Al2O3–15K2O–35ZnO. Figure 
2c shows the in-situ TEM image of the initial nucleation 
stage of a ZnO amorphous nanocluster in glassy matrix. 
At 75 s, there is no phase separation and aggregation in 
the process. At 7 s, the formation of ZnO-rich phase 
separation occurs. As a result, a nanocluster with a 
diameter of ~15 nm appears and eventually grows to 
~22 nm in diameter at 82 s. This multi-step growth 
mechanism also occurs in nanoparticles growth process 
inside the liquid cell measured by in-situ TEM[5–17], 
indicating that the growth mechanism of the 
nanoparticles in glassy matrix is similar to that of the 
nanoparticles in liquid.  
3.2  Crystallization process of glass ceramics  

Some reports show that it is necessary to distinguish 
the homogeneous and heterogeneous nucleation 
processes in the glassy crystal formation [18–21]. 
According to the homogeneous nucleation theory, a 
phase appears without any external boundary due to the 
local fluctuation of density and kinetic energy. For the 
heterogeneous nucleation process, foreign boundaries, 
such as substrates and grain boundaries, are involved. 
Heterogeneous nucleation typically occurs in glass 
ceramics because foreign boundaries cannot exclude, and 
is important in the development of glass ceramics [22–24]. 
During the TEM observation, there is no direct 
observation of the crystallization mechanism of the glass 

ceramic. The heterogeneous nucleation process is 
recorded firstly in glass ceramics by in-situ TEM. Figure 
3a shows the in-situ high resolution TEM images of a 
ZnO nanoparticle at E-beam intensity of 10.8×104 A/m2 
and heating temperature of 750 °C. The transformation of 
ZnO crystals from the amorphous state to the crystalline 
state is clearly shown. The crystal phase emerges initially 
from the amorphous cluster interface by prolonging the 
irradiation time, and then the crystallization process is 
completed at 554 s. Figure 3b shows the in-situ high 
resolution TEM images of an Ag nanoparticle in glassy 
matrix. Like the growth mechanism of ZnO nanoparticle, 
the growth process of Ag nanoparticles also emerges 
from the interface of the Ag amorphous cluster. Finally, 
at 39 s, the entire nanocluster is consumed, and the size 
of Ag nanoparticle becomes ~8 nm [12]. It is thus 
demonstrated that the heterogeneous nucleation process 
can be observed in glass ceramics with the nanoparticles 
emerged initially from the cluster interface (interface can 
act as a foreign boundary). The transition from the 
amorphous state to the crystalline state in glass ceramics 
can be attributed to the high viscosity of glass ceramics. 
Figure 3c shows the crystallization mechanism diagram 
of nanoparticles in glassy matrix. The initial 
crystallization process at the interface of the nanocluster 
is the linkage between nanocluster and the nanocrystals. 
Hence, the use of amorphous-to-crystalline phase 
transition to connect the direct and indirect multistep 
pathways is due to the coexistent growth mechanisms of 
glass ceramics [25].  

 

 
 

Fig. 3  In-situ TEM images of (a) ZnO and (b) Ag nanoparticles crystallization process in glassy matrix and (c) crystallization 
mechanism of glass ceramics 
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3.3  Coalescence process of glass ceramics 
Coalescence process can control the material 

properties because the material has tunable properties 
with respect to their composition, size and shape[26]. 
According to the classical theory, nanoparticles 
coalescence process often involves the orientation 
attachment and Ostwald ripening[27–29]. Therefore, 
understanding the fundamental mechanism of 
coalescence process could favor to guide the modulation 
of the nanoparticles structure for effective properties. The 
coalescence of the nanoparticles in glassy matrix is also 
investigated by in-situ TEM, including the orientation 

attachment and Ostwald ripening processes. Figure 4a 
shows Ba2LaF7 nanoparticles in 45SiO2–15Al2O3– 
12Na2O–21BaF2–7LaF3 glass compositions. Clearly, 
there are two Ba2LaF7 nanocrystals with different 
crystallographic orientations[10]. The two nanocrystals 
enjoy a coalesce process and the misoriented lattice 
fringes join at a boundary to form a single Ba2LaF7 
nanocrystal at the irradiation time of 40 s. The larger 
nanocrystal grows through the consumption of the 
boundary atoms of smaller nanocrystal and finally forms 
the single defect-free particles with continuously 
increasing the irradiation time. 

 

 
 

Fig. 4  Coalescence process of Ba2LaF7 nanoparticles (a) and CsPbBr3 nanoparticles (b) in the glass ceramics 
 

Figure 4b shows two CsPbBr3 nanoparticles in 
34B2O3–3SiO2–8ZnO–3SrO–8Cs2O–3PbBr–6NaBr glass 
compositions [11]. The Ostwald ripening involved with the 
smaller particle is melted immediately once it touches the 

larger one and then grows by monomer attachment with 
migrating atoms towards the larger one. It is thus 
summarized that the coalescence process for glass 
ceramics is a resemble process, and it can provide a 
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relatively high spatial resolution so that we can observe 
the coalescence process clearly, particularly for the 
coalescence process in the initial stage and the boundary 
movement during the orientation attachment process.  

4  E-beam irradiation and thermal effect 

on glass ceramics 
4.1  E-beam irradiation in nanoparticles growth 
process 

A highly focused E-beam can be used to induce the 
atoms diffusion and manipulate nanoparticles movement 
rate to observe nanoparticles dynamic mechanism [30–32]. 
The understanding of constructive and destructive 
interactions of high energy E-beam with the sample 
material can guide the nanoparticles growth process and 
clarify the chemical or physical reaction mechanism. 
There are many reports regarding E-beam adjusting the 
nanoparticles growth and movement (i.e., electron 
tweezers) to probe the interaction between the 
nanoparticles and the growth environment while 

observing the dynamic mechanism of nanoparticles 
motion. [33] A previous study reported that the E-beam can 
be used for the modulation of gold nanoparticles 
formation rate in liquid. The results showed that the 
trapping force of the E-beam can be directly detected and 
measured by the probability distribution of gold 
nanoparticles [34–35]. As for the E-beam effect on glass 
ceramic, our previous work also demonstrated that the 
E-beam effect on glassy matrix has the similar 
phenomenon, compared to that on liquid. Figure 5 shows 
the in-situ TEM images of perovskite glass ceramics at 
different E-beam irradiation intensities.[11] Clearly, the 
coalescence occurs slowly when the E-beam intensity is 
below 2.7 A/cm2. CsPbBr3 nanoparticles coalescence 
occurs dramatically when the E-beam intensity increases 
to 2.7 A/cm2. E-beam can trigger the nanoparticles 
growth process, but it can damage the nanoparticles. 
Although there is no decomposition from the glass 
ceramics under E-beam irradiation, the decomposition 
effect cannot be ignored. Nevertheless, the nature of the 
E-beam effect on the glass ceramics is complex and still 
need to be further investigated. 

 

 
 

Scale bar is 10 nm. 
Fig. 5  In-situ TEM images of perovskite glass ceramics at different E-beam irradiation intensities 

 
4.2  Thermal effect in nanoparticles growth process 

Thermal energy can induce nanoparticles nucleation, 
growth, and coalescence processes according to the 
thermodynamic models. Therefore, nanoparticles can be 
adjusted flexibly with a desirable microstructure as the 
heating temperature is increased [36]. In a previous 
work[10], heating effect on the growth of the nanoparticles 

in glass ceramic was investigated. The results showed 
that coalescence of Ba2LaF7 nanocrystals can be 
modulated flexibly by controlling the heating 
temperature, as shown in Fig. 6. Clearly, Ba2LaF7 
nanoparticles with the absence of defects (twinned and 
quadruplet) are formed at a relatively low temperature 
(i.e., ≤430 °C), and the unification of two nanocrystals 
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via the two pathways (i.e., migration with and without 
rotation) is obtained when the heating temperature is 
increased (i.e., ≥470 °C). The defect-free single Ba2LaF7 

nanocrystal can be formed because a higher temperature 
can provide a higher thermal energy, and then trigger the 
reconstruction and recrystallization processes. 

 

 
 

(a) Mechanism of the thermal effect on the ceramic glasses; in-situ TEM image of the Ba2LaF7 coalescence process at different temperature, (b) 430 oC, 
(c) 470 oC, (d)500 oC. 

 

Fig. 6  Thermal effect of the ceramic glasses 
 

5  Conclusion and perspective 
In-situ TEM provides unique information for 

recording glass ceramics formation and transformation 
process with high spatial and temporal resolution. It can 
provide significant opportunities to record nanoparticles 
nucleation, growth, and coalescence dynamic processes 
in glassy matrix. The liquid cells require thin and strong 
windows to isolate the aqueous solution in a high vacuum 
environment. Compared to liquid cells, glassy matrix has 
little influence in a high vacuum environment, and can 
withstand at a high temperature. The in-situ TEM is thus 
easy to be manipulated. A high temporal and spatial 
resolution can be obtained simultaneously from the high 
resolution TEM images due to the slow diffusion rate and 
high transparency of glassy matrix. For the growth 
mechanism, the detailed growth dynamics of the 
nanoparticles in glassy matrix can be recorded in detail. 
The phase separation, nucleation, crystallization, and 
coalescence are observed with a high resolution. 
Particularly, the observation of the amorphous-to- 
crystalline phase transition can connect the direct and 
indirect multistep pathways due to the coexistent growth 
mechanisms of non-classical nucleation theory. 

During in-situ TEM observation, heating can 
provide the thermal energy to trigger the nanoparticles 
growth process in glassy matrix. Once an amorphous 
glass is fabricated in glass-manufacturing process, a 
solid-state glass has a high viscosity (>106 dPa·s), 
impeding the atom migration to nucleation and growth. 
Crystallization is hardly achieved because quenching 
glass-manufacturing process in a short time cannot 

provide sufficient time for the growth, and even if the 
precipitated nucleus appears. Therefore, the amorphous 
glass in the absence of precipitated nanoparticles is 
obtained. Once the amorphous glass is heated at a 
suitable temperature, thermal annealing can provide 
thermal activation, significantly triggering the formation 
of the nanoparticles. Therefore, TEM heating chip can be 
used to preciously control the heating temperature of 
glass ceramics and then contribute to the modulation of 
the growth behavior. 

In fact, for in-situ TEM, the E-beam is often used 
as an energy source to trigger the reaction. The high 
energy E-beam can induce the diffusion, decomposition 
of glass ceramics composition, so the nanoparticles 
growth can occur when the dose of E-beam exceeds the 
threshold. Although some previous studies showed that 
the growth of nanoparticles under an E-beam is similar 
to that under a flask, it is difficult to qualitatively and 
quantitatively analyze the relationship between the 
E-beam intensities and growth mechanism under in-situ 
TEM vacuum condition. This is because the E-beam can 
induce the formation of nanoparticles initially, and 
trigger the side reactions, as well as the reaction 
between the E-beam and sample is complex. High 
energy electrons generate primary and secondary 
radiation products. Moreover, the E-beam triggers 
different reactions in different samples, and these 
effects can be complex and difficult to be predicted. In 
the future, more efforts are needed to make a 
breakthrough in the E-beam effect on glass ceramic 
formation process during in-situ TEM measurement. 
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