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Abstract: Properties of phase-separated glasses, such as mechanical strength, chemical durability, and optical transmission, 
change drastically with the sizes and types of phase separation. Characterizing glass phase separated structures at the 
nanometer scale is vital for establishing the structure-property relation of various glass systems. This work will first 
briefly review the “staining” technique previously used to reveal the nanodroplet phase separation in Pyrex glass and 
its limitations. It will then introduce the TEM Fresnel contrast technique for studying glass structures. The theoretical 
background, practical application procedures, and examples of the method are described.
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1. Introduction
In order to establish the structure-property relation of various glass systems, it is necessary to characterize glass phase 

separated structures at the nanometer scale. Transmission electron microscopy (TEM) techniques have been used to study 
the structures of glass phase separation for many years. A large number of phase separation TEM images of glasses with 
various compositions and thermal histories have been presented in many papers as well as several books [1–5]. However, 
in these studies most TEM results were obtained from specimens prepared by using the carbon replica technique or from 
glass fragments without large thin areas. Thus, in these investigations the space resolution was limited to about 10 nm and 
the analytical capabilities of TEM were not fully utilized. In order to investigate the origin of phase separation in glasses 
and to correlate the properties of phase separated glasses with their nanostructures, the resolution of TEM observation 
needs to be better than 10 nm. The purpose of this work is to describe two TEM methods: the “staining” technique and 
the Fresnel contrast technique. Both have spatial resolution higher than the traditional carbon replica technique and are 
capable of revealing glass phase separation on the nanometer scale (<10 nm). The “staining” technique and its limitations 
will be briefly reviewed. The emphasis is to describe the TEM Fresnel contrast technique and to illustrate the convenience 
and reliability of the technique using published experimental results.
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2. Observation of nanophase separation in glasses by staining technique
In 1969, R. H. Doremus and A. M. Turkalo of GE reported for the first time their staining method for revealing the 

nanophase separated structure in commercial borosilicate Pyrex glass [6,7]. Pyrex glass is an important technical glass 
invented by Corning Inc. during the 1910s [8]. Pyrex glass shows great chemical durability and thermal shot resistivity 
and is widely used for laboratory ware and kitchenware. Because the phase separated structure in the normal Pyrex glass 
is on a scale of less than 10 nm, it had never been directly observed in TEM before 1969. In Doremus and Turkalo’s work, 
the fine phase separation in Pyrex glass was made visible in TEM by exchanging heavy element silver ions with light 
element sodium ions in the glass [6,7]. The image contrast of the staining technique arises due to the difference in the 
elastic scattering power of the two phases of the specimen. When the light element in one phase was replaced by a heavier 
element, the elastic scattering power of the light element rich phase significantly increased. Thus, more electrons scattered 
from the light element rich phase are blocked by the objective lens aperture and the contrast between the two phases was 
enhanced. Without the ion exchange, the diffraction contrast of the glass specimen at the objective lens focus condition 
would have been too low to be observed. The Doremus and Turkalo’s TEM photograph taken from Pyrex glass, in which 
silver ions have been changed for sodium ions, shows about 3 nm in size of the droplet structure. Prior to use the staining 
technique, TEM specimens for imaging the phase structure in Pyrex were prepared by the carbon replica technique, and 
the fine structures on the scare of about 3 nm could not be observed. Only separated phase structures could be observed, 
where the sizes of phases grew to larger than 10 nm after heat treatments of the specimen. 

Although Doremus and Turkalo successfully revealed the nanophase structure in the borosilicate Pyrex glass, they 
did not find any evidence of phase separation in the commercial soda-lime-silica glass after applying the same staining 
method. The photograph taken from the edge of a large splinter of soda-lime-silica glass with staining by silver does not 
show phase separated structure in the specimen. This result contradicts with experimental evidence by X-ray absorption 
spectroscopy and neutron diffraction, which indicate the existence of silica rich and alkali/alkaline earth rich regions in 
the structure of soda-lime-silica glass [9–11]. The commercial soda-lime-silica glass is now known to have the spinodal 
type of phase separation [12,13]. Therefore, the application of the staining technique used by Doremus and Turkalo is 
limited; it may work well to reveal the droplet type of phase separation but not the spinodal type. This may be explained 
as the following: the droplet type of phase separation has clear and sharp boundaries between the two separated phases; 
while the boundaries in spinodal phase separation are defused and interconnected. For practical investigation of the phase 
structure of glasses, it would be desirable to use a more convenient and reliable method. 

3. Observation of nanophase separations in glasses by TEM Fresnel contrast
imaging
In 2015 Cheng et al. reported for the first time, the application of TEM Fresnel contrast imaging technique to 

examine nanophase structures of various commercial Pyrex glass cookware [12]. Then in 2017 TEM Fresnel contrast was 
applied again to correlate the indentation cracking behavior with the structures of nanophase separation of glasses [13]. 
These results show that the Fresnel contrast technique is well suited to characterize nanophase structures of glasses. This 
work explains in more detail the technical background of TEM Fresnel contrast images, and how it was used to study 
the nanophase separation of glasses in more detail, with the purpose of encouraging its further applications in the field of 
glass related research.  

Fresnel contrast images are a kind of phase contrast images and obtained with the objective lens several microns 
out of focus. The image contrast is not dependent on the scattering power but on the inner potential of specimens [14]. In 
TEM experiments, Fresnel contrast images are often observed at the edge of the specimen or a small hole in the specimen. 
Figure 1 are images of a hole in an amorphous carbon film illuminated with a parallel electron beam. Figure 1(a), 1(b) 
and 1(c) show that when the objective lens is in the conditions of underfocus, overfocus and exact focus, fringes round 
the edge of the hole are bright, dark and nonvisual, respectively [14]. The size of the hole in Figure 1 is about 50 nm. The 
Fresnel contrast method is a routine technique for correcting astigmatism of objective lens in TEM operation. If the hole 
size in Figure 1 is only a few nm, the bright or dark circles around the hole would be bright or dark spots, respectively. The 
bright and dark spots of Fresnel contrast images are indications of existing nanosized areas with a different inner potential 
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from the adjacent region in the specimen. This method was successfully used to reveal gas bubbles with nanometer 
scale inside nuclear materials in the 1970s [15]. Figure 2(a) and 2(b) are images of nanosized He bubbles in Au matrix 
in overfocus and underfocus conditions [14,15]. The contrasts illustrated in Figure 2 demonstrate that Fresnel contrast 
technique could reveal nano sized regions which have different inner potential from the surrounding area. More details 
of the calculation about Fresnel contrast and its applications can be found in the references [14–16]. This work focuses 
on the new application of TEM Fresnel contrast technique in glasses, where it is used to study nanophase separations in 
borosilicate Pyrex glass and soda-lime-silica glass.

Figure 1. Images of a hole in an amorphous carbon film illuminated with a parallel electron beam. Figure 1(a), 1(b) and 1(c) show that when the 
objective lens is in conditions at underfocus, overfocus and exact focus, fringes round the edge of the hole are bright, dark and nonvisual, respectively. 

Reproduced from Ref. [14]. 

Figure 2. Images of nanosized He bubbles in Au matrix in (a) overfocus and (b) underfocus conditions. Reproduced from Ref. [14].

3.1 Experimental procedures
Borosilicate Pyrex glass and soda lime silica glass were chosen for the experiments. Since the samples are similar 

to those used by Doremus and Turkalo [6], the results can be compared with the previous works. 
The nanophase structures of glass specimens were examined using a CM300 TEM and CM200 TEM (Philips, 

Amsterdam, The Netherlands), which is attached with an Oxford INCA Energy Dispersive X-ray Spectroscope (EDS) 
detector and a Gatan Imaging Filter, having 1 nm space resolution and 0.9 eV energy resolution. In this study EDS 
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and Electron Energy Loss Spectroscopy (EELS) were used to monitor possible chemical and structural changes in the 
specimens caused by the electron beam during TEM imaging. 

The glass samples were mechanically polished to a thickness of about 10 mm by dimpling. The final thinning of 
the sample to electron transparency was carried out using a Gatan PIPS ion mill. The acceleration voltage of the ion 
beam was 6 kV with final thinning at 3 kV at a 7º incident angle. The specimens were coated with a thin carbon layer in 
a vacuum chamber before TEM observation to minimize charging during TEM imaging

3.2 Results for borosilicate Pyrex glass
It was found that the Pyrex glass specimen is stable under normal TEM observation conditions. The use of 

Fresnel contrast images to study the droplet nanophase structure of Pyrex glass is straightforward. Figure 3(a–c) are 
Fresnel contrast images of the specimen without staining, taken near focus, underfocus at about 2 µm and overfocus 
at about 2 µm, respectively. As expected, the image of Figure 3(a), taken in focused condition, does not show any 
visible contrast of phase separation. However, the images in Figure 3(b) and 3(c), taken out of focus, clearly show a 
droplet phase almost uniformly dispersed in the matrix. The results of Figure 3 indicate that average inner potentials of 
the B rich phase and the Si rich phase in borosilicate Pyrex are different. The incident electron beam is a plane wave, 
and different regions of the glass specimen impart different amounts of phase change to the exit wave. At the Fresnel 
defocus condition, the electron beams, having passed through different regions, interfere together to produce the 
Fresnel contrast. It should be noted that the contrast in Figure 3(b) and 3(c) images is reversed because of the reversed 
defocusing conditions. The droplet phase in Figure 3(b) and 3(c) is estimated to be around 3 nm in diameter and agrees 
with that obtained early by the staining technique.

Figure 3. Fresnel contrast images of the specimen without staining, taken near focus (a), underfocus about 2 µm (b) and overfocus about 2 µm (c), 
respectively.

3.3 Results for soda-lime-silica glass
The use of Fresnel contrast images to study the nanophase structure of soda-lime-silica glass is more complicated 

due to the electron beam irradiation effects. It is well known that when exposed to irradiation by laser or by electron 
beam, the Na and Ca ions in soda-lime-silica glasses are easily separated from the glass network and migrate out from 
the exposed area. The number of migrated ions is dependent on the radiation dose [17–19]. This is because the single 
bond strength in oxides is only 20 kcals for Na and 32 kcals for Ca, which is much lower than the bond strength of 106 
kcals for Si in its oxides [5]. Once is separated from the glass network, the Na and Ca ions are exposed to a repulsive 
electrostatic interaction produced by Auger and secondary electrons in the irradiation region. The migration process 
of Na and Ca ions moving away from the irradiated area to the surrounding region has been well observed in our 
experiments. Figure 4(a) and 4(b) are EDS data taken from the same area of the specimen. EDS data of Figure 4(b) was 
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taken 10 seconds after Figure 4(a) had been recorded (accumulated dose of 1.2 × 10−13 C/nm2). The intensity ratio of 
the Na peak to the Si peak in Figure 4(b) is reduced by 40% compared to that in Figure 4(a). But the ratio of Ca to Si is 
only reduced by a few percent in Figure 4(b). These EDS data show that the concentration of Na and Ca in the specimen 
was decreased by the electron beam irradiation. The variation in the positive ion concentration in the specimen certainly 
changes the inner potential distribution and results in the change in contrast of Fresnel images of the specimen. Thus, in 
order to correctly interpret the Fresnel contrast images of soda-lime-silica glass, it is necessary to know the amount of 
electron dosage to the specimen during the experiment.

Figure 4. EDS data of soda-lime-silica glass. (a) was recorded with accumulated dose of the electron dose received by the specimen in the observed 
area was approximately 4 × 10−14 C/nm2. (b) was taken 10 seconds after Figure 4(a) was recorded. The electron dose received by the specimen in 
the observed area was approximately 1.2 ×10−13 C/nm2. The intensity ratio between the Na peak and the Si peak in Figure 4(b) is reduced by 40% 

compared with that in Figure 4(a).

It was found that at the very beginning of the observation with a beam intensity of ~8 × 10−15 A/nm2 the specimen 
did not show any contrast, regardless of the objective lens focus value. However, a few seconds later when the electron 
dose received by the specimen in the observed area was approximately 4 × 10−14 C/nm2, Fresnel contrast appeared and 
its intensity increased with the observation time. After about 10 seconds of electron beam exposure, Figure 5(a) and 
5(b) were taken with the objective lens underfocus and overfocus by about 3 µm, respectively. These images clearly 
show interpenetrated phase separation in the soda lime silica glass. The cross-section of the interpenetrating structure in 
Figure 5 is estimated to be 6 nm. As the electron dose received by the specimen increased, the contrast between the two 
regions increases without significantly altering the length-scale of the phase structures. During the observation process, 
the position and the size of the electron beam were kept unchanged before taking the images. Images taken from various 
locations of the specimen were all similar to that shown in Figure 5. However, the irradiation time of the specimen 
required for the appearance of Fresnel contrast in the thicker area was longer than that in the thinner areas.
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Figure 5. Images of soda-lime-silica glass specimens, taken with the objective lens (a) underfocus and (b) overfocus by about 3 µm, respectively. The 
images clearly show interpenetrated phase separation in the soda-lime-silica glass. The cross-section of the interpenetrating structure in Figure 5 is 

estimated to be 6 nm.

The fact that images showed no contrast in the initial observation indicates that the inner potential in the soda-
lime-silica glass is uniform throughout the specimen before the specimen is exposed to the electron beam. During 
the irradiation some Na and Ca ions move out from the irradiated area, and the inner potential is reduced more in the 
regions originally rich in Na and Ca than in the regions originally deficient in Na and Ca. If the concentration of Na 
and Ca in the un-irradiated specimen is the same everywhere, then the change of the inner potential in all irradiated 
areas would be uniform after the migration of Na and Ca ions. The Fresnel contrast images of Figure 5 confirm that the 
distribution of Na and Ca in the soda-lime-silica glass is not uniform. Thus, the contrast between the Na and Ca rich and 
poor regions can be distinguished in Fresnel contrast images.

During the image acquisition, some Na and Ca ions migrated out from the glass network in the observation area, 
but the silicon oxide glass network did not change. This is evidenced by the energy loss near edge structure (ELNES) 
of the Si L2,3-edges, shown in Figure 6. The spectrum in Figure 6 is characterized by the absorption peaks at 106 eV and 
108 eV, labeled b and c, and a feature at 105 eV, labeled a. These features are the same as those of Si L2,3-edges obtained 
from pure silica [20]. If the bonding between Si and O is broken by the irradiation effects, there should be additional 
absorption in the energy range from 100 eV to 104 eV in the spectrum generated by the intermediate oxidation state 
of Si [21]. From previous experiments, when the 200 kV electron dose is about 2.7 × 10−12 C/nm2, which is about 2 
orders higher than that used for taking the images in Figure 5, the intensity of Si L2,3-edges of silica specimen in the 
energy range from 100 eV to 104 eV increased significantly. This indicated that a certain amount of bonds between Si 
and O in the specimen were broken [22]. When the images of Figure 5 were taken, the electron dose on the specimen 
was approximately 8 × 10−14 C/nm2, and no changes in the ELNES of Si L2,3-edges were observed. It is thus concluded 
that under the experimental conditions used to acquire the images of Figure 5, some Na and Ca ions migrated out from 
the irradiated area, but the silicon oxide glass network was basically unchanged. Therefore, the interconnected nano 
structure revealed by the Fresnel contrast images shown in Figure 5 is the original phase-separated structure of the glass. 
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Figure 6. The Si L2,3-edges in EELS recorded from soda-lime-silica glass. It is characterized by the absorption peaks at 106 eV and 108 eV, labeled b 
and c, with a feature at 105 eV, labeled a. These features are the same as those of Si L2,3-edges obtained from pure silica.

4. Conclusions and discussions
Based on the fundamental principle of materials science that physical properties of materials must correlate with 

their internal structures, it is essential to understand the phase-separated structure at the nanoscale for various glasses. 
TEM is a technique often-chosen to study the nanostructure of materials due to its high spatial resolution. However, two 
significant obstacles exist that prevent its wide use in glass research. One is that the main glass composition contains light 
elements. They distribute in various regions and produce only little diffraction contrast in TEM images. Such low-contrast 
images make it hard to recognize the types and sizes of the phases. The second problem is that due to the radiation effect of 
the high-energy electron beams, the structures of glasses are easily altered under TEM observation. Simply claiming TEM 
image results as the glass structures without accounting for the radiation effects on the specimens could be erroneous 
and must be avoided. Although using a traditional carbon replica is one way to mitigate these two problems, the spatial 
resolution is often insufficient in the study. 

Our experimental results show that the Fresnel contrast technique can overcome the difficulties of using TEM in 
the study of glass structures. The technique might be a practically useful way to characterize glass nanophase structures. 
Also, the Fresnel contrast technique is more convenient and reliable than the ion exchanging technique. In addition, it 
does not introduce foreign elements into the specimen. Thus, the same specimen could be used for subsequent chemical 
and structural analysis by analytical TEM techniques, such as EDS and EELS [14,23]. More applications of the Fresnel 
contrast technique to the study of glass system structures are expected.
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