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Abstract. A setup for thermal poling treatment of glass and glass-ceramic via gas discharge
using an open electrode configuration was built and tested successfully. In the setup a thin Pt-
wire is used as a top electrode with adjustable distance to the glass sample. The glass rests
on a Pt-sheet acting as bottom electrode which again rests on transporting rolls made of alu-
mina. The setup is implemented in a specially built furnace in which the sample is moved
underneath the static wire electrode. With this setup, lithium-aluminosilicate (LAS) glass sam-
ples were thermally poled at 200 °C for 20 min, 60 min and 180 min with discharge currents
ranging from 25 pA to 300 pA. Over time the process gets more unstable but without any major
breakdowns. The measured crystallinity at the anode side surface of the post-poling ceramised
samples shows a decrease with both treatment time and poling current (i.e. electrical field
strength). This is explained with the depletion of Li from the anode side surface layer which
becomes stronger with higher electrical fields and continues over time. In scanning electron
microscopy (SEM) images of cross sections of the anode sides a mostly glassy layer is ob-
served which adds to the point aforementioned. As a key result this work proved that with an
open electrode setup for thermal poling treatments of LAS glasses similar results can be
achieved as with a blocking setup. This opens the door to the modification of glasses and
corresponding glass-ceramics in an inline and continuous process that can be used industri-
ally.
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1. Introduction

A first model for the phenomenon of “electrode polarization” was established by Carlson et al.
in 1972 [1]. It was found that by applying a direct current (DC) potential across a glass sample
at elevated temperatures a thin surface region facing the anode is altered in chemistry and
structure. The formation of a high electric field in this area causes mobile cations that are
present in the glass network to drift away from the anode towards the cathode. With this the
so-called depletion layer is formed in which negatively charged nonbridging oxygens (NBOs)
are left [2]. According to the single charge motion model by Von Hippel [3], the thickness of
this layer should be in the range of tens of nanometres. In contrast, the depletion layer thick-
nesses measured in several studies are in the range of micrometres [2], which leads to the
conclusion that negative charges need to be compensated for the depletion layer to grow fur-
ther. One compensation possibility is the recombination of nonbridging oxygens which leads
to structural changes of the glass network towards a more silica like structure with higher de-
gree of polymerisation [2], [4] which in turn leads to property changes of the depletion layer [4],

[5].
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The thermal poling treatment is often done by placing a plane glass sample between two
electrode plates which are used as anode and cathode [1], [2], [6], [7], [8], [9]. The electrodes
can be blocking or non-blocking regarding the surrounding atmosphere which influences the
poling process [2]. For a blocking anode the possible negative charge compensation methods
discussed in literature are oxygen drift and electron drift towards the anode. Both will lead to
the formation of molecular O, due to the aforementioned recombination of excess NBOs [8].
When a non-blocking anode is used, particles from the atmosphere (e.g. HsO*) can enter the
glass surface and compensate negative charges [2].

For an open electrode setup different possibilities exist which differ in the form of the elec-
tric field. When electrode plates with a certain roughness are used, small gaps between the
electrodes and the glass surface allow the surrounding atmosphere to enter the thermal poling
process while keeping direct contact between the electrodes and the glass [2], [5], [9]. On the
other hand, gas discharge or corona discharge treatments can be used when separating at
least one electrode completely from the glass surface. Often, an inhomogeneous electric field
is used for the discharge process by utilising a needle to plane electrode configuration [10],
[11], [12], [13]. The electric field is concentrated at the needle tip (in general at small radii of
the electrode surface) leading to field strengths above the breakdown voltage of the atmos-
phere in a small volume around the tip. This leads to the generation of ions which will move
along the electric field lines towards the glass surface and eventually build up the electric field
across the glass sample [10]. Alternatively, the electrodes can be a wire to wire or wire to plane
configuration to create a homogeneous electric field along the wire length. In combination with
a moving sample perpendicular to the wire, it is possible to apply the electric field to the whole
sample surface over time to achieve a thermal poling treatment [14].

The focus in thermal poling research with glasses was on the effects on soda-lime-silicate
glasses. Sander et al. [15], [16] transferred the method to glass-ceramics by performing ther-
mal poling with blocking electrodes on lithium-aluminosilicate (LAS) glasses. In these experi-
ments a 500 nm thin, mostly amorphous layer remained on the anode side surface after the
crystallisation of the treated glass samples. X-ray diffraction (XRD) and scanning electron mi-
croscopy (SEM) measurements revealed a rising crystal content with increasing information
depth in an approximately 15 uym thin surface layer as well as different crystal grain sizes in
the layer and the bulk material. It is believed that the Li-depleted surface layer after the treat-
ment impedes the crystallisation and therefore leads to a smaller crystallinity in the depletion
layer, as Li is one of the main components of the formed high quartz solid solution (HQSS) in
these glass ceramics.

It has been shown that thermal poling alters the chemical durability [17], [18], [19], [20],
strength and hardness [5], [21], and also optical properties of soda-lime-silicate glass surfaces
[22], [23], [24], [25], [26]. In this work a setup similar to [14] was developed and tested for the
thermal poling treatment of LAS glasses and glass-ceramics with the long-term aim to transfer
the benefits of thermal poling on SLS glasses to glass-ceramic systems. The influence of the
poling time and discharge current on the crystallinity of the final glass-ceramics was evaluated
using XRD and SEM and compared to the work of Sander et al.

2. Experimental

The developed thermal poling setup uses a wire to plane electrode configuration consisting of
a platinum sheet (100 x 100 mm?) as bottom electrode and a platinum wire (diameter 0.35 mm)
as top electrode. The wire is stretched between two high-temperature-resistant steel prongs
to straighten it and is placed parallel to the sample surface. The steel holder leads through a
hole in the furnace ceiling out of the furnace where it is mounted to a vertically adjustable
platform. With that the distance between the wire electrode and the sample surface can be set
precisely to any chosen value. The platinum sheet electrode rests on a glass-ceramic plate
which is placed on alumina rolls in a special furnace built by Thermo-Star GmbH. These rolls
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can be programmed to turn in both directions and therefore move the bottom electrode with
the glass sample back and forth underneath the wire electrode. The glass sample is placed on
top of a graphite spacer slightly smaller than the sample surface area to prevent direct arcing
between the two electrodes.

The Atmosphere around the sample can be controlled by injecting different gases through
a 3D printed ceramic gas nozzle, directly above the wire electrode. A detailed sketch of the
setup is shown in Figure 1.

Alumina rolls

ite plate

Figure 1. Sketch of the new setup

The described setup allows the investigation of the effect of different process parameters
on the properties of thermally poled glasses and glass-ceramics. Varied parameters are sam-
ple size, treating temperature, electric field strengths and poling atmosphere, especially water
containing ones.

To test the experimental setup, LAS glasses provided by Schott AG (composition is given
in Table 1) were poled at 200 °C with discharge currents from 25 pA to 300 yA and poling
times from 20 to 180 minutes. A detailed overview of the varied parameters is given in Table
2. The glass samples were cut from 200 mm x 200 mm glass sheets to sizes of 25 mm x
25 mm. To ensure a consistent surface quality, all samples were ground and polished in six
steps ending with 1 ym diamond polishing suspension. Afterwards all samples were etched for
3 minutes in a 1:1 mixture of H,SO4 and HF to eliminate any remaining polishing traces.
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Table 1. Composition of the used LAS glass.

Oxide Mass fraction in % Oxide Mass fraction in %
SiO; 66.73 ZrO; 1.20

A|203 19.22 A8203 0.99

Li.O 3.77 BaO 0.84

TiO2 2.72 HfO, 0.32

MgO 2.05 KO 0.26

ZnO 1.85 Na.O 0.13

The high voltage was applied using an “SHR” high voltage source from “iseg Spezi-
alelektronik GmbH” with an integrated measuring unit to monitor the effective voltage and cur-
rent. After each thermal poling treatment, the sample was removed from the furnace at 200 °C
to quickly cool to room temperature and freeze-in the effects of the treatment. All samples were
stored in a desiccator and ceramised simultaneously by heating to 860 °C with 10 K-min-,
dwelling 10 minutes und letting the furnace cool down afterwards. The achieved glass-ceram-
ics were analysed using XRD with grazing incidence angles and SEM imaging. The XRD
measurements were performed on an Empyrean 3 Gen. from Malvern PANalytical using a
chromium x-ray tube with Ac,ks = 2.28976 A, U = 30 kV and / = 55 mA. Measurements of the
anode side surfaces were made under 10 different incident angles ranging from 0.4° to 20° to
increase the information depth with each step. The obtained diffractograms (see Figure 2 as
an example) were analysed using the Rietveld refinement technique and an external SiO»-
standard was used to calculate the mass fraction of high quartz solid solution with the K-factor
method [27].
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Figure 2. Diffractogram of sample GC02-16 at an incidence angle of w = 10°. All Peaks can be as-
signed to a high quartz solid solution phase.
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SEM imaging was performed on a Zeiss GeminiSEM with 1 keV acceleration voltage using
secondary electron detection mode after polishing the cross section of the samples in 4 pol-
ishing steps up to 0.6 yum diamond suspension and etching the samples in a 1:1 mixture of
10 % H2S0O4 and 2 % HF (volume fractions) to achieve a visible difference between the glass
and the crystal phase in the SEM images.

Table 2. Poling parameters and associated sample numbers.

poling current
25 pA 50 pA 100 pA 200 pA 300 pA
poling time
20 min GC02-01 GC02-02 GC02-03 GC02-04 GC02-05
60 min GC02-06 GC02-07 GC02-08 GC02-09 GC02-10
180 min GC02-11 GC02-12 GC02-13 GC02-14 GC02-15

3. Results and Discussion

During each thermal poling treatment both the current and voltage were monitored. Figure 3
shows a plot of both measured values over treatment time for sample GC02-15. The voltage
as well as the current show a box profile (see smaller inset in Figure 3) where the maximum
voltage of 4000 V is reached during the minimum current of 0 yA and vice versa. The maximum
values correspond to the set maxima of 4000 V and 300 pA whereas the current vanishes
completely, and the voltage decreases to around 3200 V. This characteristic profile origins
from the movement of the sample beneath the top wire electrode. The rolling distance of the
alumina rolls was set to 40 mm, so with a buffer distance of 7.5 mm to each side of the samples
to compensate for small deviations in the sample positioning and to therefore ensure a poling
treatment of the whole surface area. When the sample is exactly under the wire, and with that
the distance between the wire electrode and the sample surface is equal to the set distance of
2 mm, the electric field gets strong enough to lead to a gas discharge and the maximum current
flows at a voltage required for this but lower than the set maximum. As the sample moves
horizontally, at one point it is in the buffer region of the rolling distance and not right under the
top electrode anymore. Now the voltage rises to the maximum value to counterbalance the
increasing distance between the top electrode and the sample surface. When the horizontal
distance in addition to the vertical distance of 2 mm becomes too large, the electric field is not
strong enough to maintain the gas discharge so that the current decreases to 0 pA. As the
sample moves back and forth periodically the increase and decrease of voltage and current
also follows a periodic pattern.

For longer poling times the current becomes more unstable as can be seen in Figure 3.
The voltage increases slowly with poling time to counteract the decrease of the electrical con-
ductivity of the glass due to the ongoing Li depletion from the anode side surface and to main-
tain the set maximum current. This effect leads to a constantly growing electric field strength.
Simultaneously, the setup can be seen as a wire-plate capacitor and as the dielectric constant
€, of the glass between the electrodes decreases, the capacitance C increases, see equation
1.

_ 2meperl
B cosh‘l(%)

(1)

in which ¢, is the vacuum permittivity, [ and r are the length and the radius of the wire, d is the
distance between the wire and the plate electrode. The energy of a capacitor is stored in its
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electric field and thus the electric field strength rises with increasing capacitance. In combina-
tion with the rising voltage, this leads to an increasing possibility of electrical breakdowns and
therefore to a more unstable process over time.
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Figure 3. Current and Voltage during poling treatment of sample GC02-15 for three hours at 200 uA.
The characteristic box profile of both measured values is visible in the smaller inset.

The progression of the crystal phase fractions over depth from the anode side surface
plotted in Figure 4 show that both a higher poling current, which is accompanied by a higher
poling voltage and therefore a stronger electric field, and a longer treatment time lead to less
crystallinity in the surface layer. This is in good agreement with Sander’s findings for a blocking
anode setup [16] and can be explained with the depletion of Li, as done before. For the 180
minutes poled samples (Figure 4 c), the curve progressions of the reference sample and the
samples poled with more than 100 pA show a different overall shape. The crystallinity of the
reference sample increases from about 40 % to 70 % in the first two micrometres and grows
slowly to values over 80 % for greater depths. In contrast, the poled samples show a decrease
of the crystal content from about 10 % to values smaller than 5 % in the same two micrometres.
From there the crystallinity grows steadily to bulk values. This effect can be explained by two
phenomena. Firstly, the higher crystal content right at the surface compared to 2 ym depth in
the poled samples could be caused by surface crystallisation or atmosphere interaction during
the ceramisation. Secondly, also during ceramisation, a back diffusion of Li into the depletion
layer can reduce the effect of thermal poling and lead to a smooth transition of crystallinity to
bulk values as in the reference sample. Again, this curve progression is similar to Sander’s
results [16].
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Figure 4. Development of the mass fraction of the high quartz solid solution with depth from the anode
side surface of samples poled for a) 20 minutes, b) 60 minutes and c) 180 minutes. Note: No error
bars were included into this plot as from the mathematical operation during Rietveld refinement no er-
ror arises. There should be a measurement uncertainty due to instrumental fluctuations and the opera-
for, but this should be in the range of 1-2 %. Additionally, as it was always the same person doing the
measurements and refinements the occurring uncertainty should be systematic and therefore not influ-
ence the comparison between the samples.

In the SEM images of the cross sections of samples GC02-03, 08 and 13 a several hun-
dred nanometre thin mostly glassy layer can be observed at the anode side surface, see Figure
5. The thickness of this layer grows and the visible crystallinity decreases with treatment time.
For the 20 minutes poled sample it is ~200 nm thin, for the 60 minutes poled sample ~300 nm
and for the 180 minutes poled sample it extends to ~400 nm. This behaviour indicates that with
treatment time and therefore growing depletion layer and structural rearrangements in the de-
pletion layer this glassy surface layer grows in thickness. Overall, the SEM images are in good
accordance with the XRD results, as a longer treatment time leads to less crystallinity in the
analysed surface layer.

Regarding the transparency of the thermally poled glasses before and after ceramisation,
no differences between the samples and in comparison to the untreated reference sample
GCO02-16 could be seen. All samples showed the same weak yellow tint before crystallisation
and a stronger yellow tint afterwards.
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(20 min), GC02-08 (60 min) and GC02-13 (180 min).

4. Conclusion

A setup for thermal poling treatments of glasses and glass-ceramics using an open electrode
configuration (similar to [14]) was built and tested successfully on LAS glasses. The results of
a first sample series show the formation of a depletion layer and its influences on the final
glass-ceramics in very good accordance with the results of Sander et al. Both XRD and SEM
analysis reveal a thin surface layer at the anode side surface with low crystallinity caused by
the depletion of Li during thermal poling. This work proved that with an open electrode setup
similar results can be achieved as with a blocking setup.

The usage of a non-blocking setup with an open electrode configuration shows consider-
able advantages to a blocking setup with fully contacted electrodes. Although the setup shows
some instability regarding electrical breakdowns for longer poling times, it offers new possibil-
ities for further studies especially such as introducing different atmospheres, upscaling the
treatment to larger samples and investigate a possible implementation of thermal poling into
the ceramisation procedure. Specifically, the latter is interesting in industry applications. An
open electrode configuration would allow modification of the glass and respective glass-ce-
ramic in an inline and continuous, industrially applicable process.
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