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Electric current-assisted technologies stand as a promising route to reduce the carbon footprint of the 215t
century industry. Nevertheless, recent activities on flash sintering have shown that electrically-induced
DC Joule heating in silicate glasses is highly inhomogeneous under the effect of a direct electric field,
thus limiting further developments and industrial applications. In this work, we have shown that the
Joule heating in soda lime silicate glass can be tailored and controlled by changing the material used as
electrode. The highly inhomogeneous temperature profile developed using platinum electrodes turns into
a well-homogenous distribution by employing molten NaNO3 electrodes.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

The identification of the potential electric energy conversion
into heat dates back to 1841 when ].P. Joule [1] observed that
“when a current of voltaic electricity is propagated |[...], the heat
evolved |[...] is proportional to the resistance of the conductor mul-
tiplied by the square of the electric (current) intensity” [1]. The
phenomenon, named “Joule heating”, is based on the momentum
transfer from the charge particles (accelerated under the effect of
the external electric field) to the lattice, which is therefore heated
[2]. Since then, the Joule heating has been recognized as a power-
ful tool to enhance materials processing as it allows unconvention-
ally rapid and localized heating. Electric current-assisted processes
(ECAPs) are nowadays widely employed in the field of metals man-
ufacturing. As an example, resistance welding techniques like, for
example, spot [3], seam [4], projection welding [5] played a fun-
damental role for the development of the modern and highly au-
tomated automotive manufacturing [6]. Other examples of ECAPs
based on the Joule heating are induction heating systems [7]| and
field-assisted sintering [8-10].

The key advantage of ECAPs lays on the fact that the heat is
internally generated, thus allowing to reduce the total energy con-
sumption of the process. Moreover, the reduced processing time al-
lows to confine the heat and preserve microstructural features that
might degrade at high temperature [11]. For these reasons ECAPs
represent a promising tool to reduce the carbon footprint of the
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215t century manufacture and provide a tool to manipulate out-of-
equilibrium/metastable systems [12-14].

On the other hand, Joule heating-based ECAPs are only of
marginal interest for ceramic and glass manufacturing as such ma-
terials are generally (although, not always) insulators at room tem-
perature. Nevertheless, the recent research activities on flash sin-
tering (FS) [9,15-17], reactive flash sintering [18-21] and flash join-
ing [22-25] of ceramics have disclosed new opportunities. Herein,
the material is subjected to an external electric field and heated
within a conventional furnace until it is hot enough to sustain
a thermal runaway of the Joule heating [26,27], which can be
however coupled with other athermal effects [28-32]. In parallel,
McLaren, Jane and co-workers carried out research activities on the
so-called electric field-induced softening (EFIS) where bulk alkali
silicate glasses are subjected to a flash process which triggers vis-
cous flow [33,34]. Nonetheless, the Joule heating in such materials
resulted highly inhomogeneous [35,36], the positive electrode be-
ing always overheated. Thermal gradients upon FS have been also
reported in ionic conductive ceramics, such as yttria-stabilized zir-
conia [37-39].

Recent research activities on FS have shown that the thermal
runaway of Joule heating in ionic conductors can be altered by
changing the electrode configuration [38,40,41]. In the present let-
ter we aimed to understand whether the electrode material choice
changes the Joule heating behavior in the world-most-diffuse vit-
reous material (soda lime silicate glass) and whether it could be
made homogeneous.

A commercial soda lime silicate float glass was used in this
work with composition (wt%): 71.4 SiO,; 1.0 Al,03; 13.9 Na,O;
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Fig. 1. Electric field (averaged over the gage length) applied on soda lime silicate glass samples using Pt and molten NaNO; electrodes at different current densities: (a)

2 mA mm~2 and (b) 4 mA mm~—2.

0.3 K,0; 4.1 MgO; 9.1 CaO; 0.2 others. The glass transition tem-
perature (Tg = 568°C) and the dilatometric softening point of
the glass (Ts = 611 °C) were evaluated using a Linseis L75 silica
dilatometer at 5°C min~! and 12 kPa.

Bar-like specimens 20.0 + 1.5 mm long with a square cross-
section of 16.0 + 2.0 mm? were cut from the glass sheets. The
samples were introduced within a fused silica tube and placed in
contact with the electrodes. Two different electrode configurations
were used: (i) the square faces of the glass sample were painted
with Pt paste (C60903P5 Gwent) and connected to two 90Pt-10Rh
disks (diameter = 9 mm); (ii) the same configuration was repro-
duced for the cathode (-) whereas the anode (+) was soaked in
~ 3 mm of molten NaNO; (Figs. 2,3). The two electrode configu-
rations will be simply named as “Pt electrode” and “NaNOj elec-
trode” in the followings.

The glass was then heated at 400 + 15°C by a heat gun in
ambient air. The temperature was checked with a K-thermocouple
placed close to the sample before all experiments. An increasing
DC electric field was applied using a Glassman EW series 5 kV-
120 mA power supply until the flowing current reached the limit
of the power source (set at 0.3-4 mA mm~2). Then, the heat gun
was turned off: in this way, the sample overheating with respect
to room temperature could be attributed to the internal heat gen-
eration by the Joule effect, only.

The electric data (current and voltage) were recorded using a
Keithley-2100 digital multimeter (acquisition frequency = 1 Hz).
The experiments were filmed with a digital camera Canon EOS-
750D and with a thermocamera FLIRT-T62101. The emissivity was
set 0.97 in accordance with the manufacturer suggestion for sil-
icate glassy materials. The agreement between the temperature
measured by the thermocamera and the real one was additionally
checked with a thermocouple before starting the experiments.

Fig. 1 compares the average electric field measured along the
glass samples for current of 2 and 4 mA mm~2. One can observe
the presence of an E field spike at the beginning of the experi-
ments which allows to initiate the current flow. After that, the cur-
rent starts to flow, the sample is electrically heated and its resis-
tivity decreases, thus causing a reduction the applied field (non-
metallic compounds exhibit a negative temperature coefficient for
resistivity). Interestingly, the electric behavior appears rather dif-
ferent for the two types of electrode. In particular, we can observe
that:

i. The field needed to initiate the current flow (i.e., the dielectric
strength) is extremely different, it being more than doubled in
case of Pt electrodes compared with NaNOs.

ii. The field drop after the current starts to flow is much more
pronounced when using Pt electrodes.

iii. In the “steady stage” after the current spike, the field is slightly
higher when using Pt anode.

iv. The electric field is extremely unstable and noisy when Pt elec-
trodes are employed. Conversely, the E vs. t plot is stable and
smooth using molten NaNO3 anode.

These results point out that the electric behavior of soda lime
silicate glass is complex and it is not a simple function of T and
composition, but it also depends on the electrode material choice.

Indeed, the differences in terms of electric conductivity, dielec-
tric strength, field stability impact also on the Joule heating of
the glass (Figs. 2 and 3). The samples with Pt electrodes (Fig. 2)
showed a very bright glowing from the anodic region (+) which is
coupled with the development of a moving bright-hot spot within
the glass (close to the anode). The spot is generated since the very
beginning of the experiments (“Supplementary material”, Video
S1-8), just after that the current starts to flow. It is characterized
by a significant overheating with respect to the other regions of
the sample (hundreds of degrees) as shown in Fig. 4. The size and
temperature of the bright hot spot indeed depend on the applied
current, but it is clearly visible also in case at very small currents
(i.e., 0.3 mA mm~2). The bright glowing from the anode can be at-
tributed to the combined effect of black body radiation and emis-
sion from luminescent centres located on the alkalis in the glass,
namely Na at 589 and K at 769 nm (inset in Fig. 4a). Similar effects
have already been reported by Pinter et al. [35]. and McLaren et al.
[36]. in alkali-containing silicate glasses heated under DC using Pt
wires and graphite disks as electrodes, respectively. It is however
worth mentioning that they used significantly larger current limits,
13 mA mm~2 [35] and 20 mA mm~2 [36]. Therefore, the present
work shows that the Joule heating in soda lime silicate glass is ex-
tremely unstable even in case of very moderate current applica-
tions (i.e., 0.3 mA mm~2), which are about two orders of magni-
tude lower than that reported in the previous works.

The hot spot origin has been already unraveled in [35,36,42],
where it was correlated with the formation of an alkali depletion
layer close to the anode (+) due to alkalis migration toward the
cathode (-), as proved by the EDS analysis in Fig. 4c. This causes a
local increase of the glass resistivity at the anode (being soda lime
silicate glass an alkali ions conductor [43,44]) and consequently
an E intensification (~ 106-107 V cm~! [36]) producing dielec-
tric breakdown [45] of the silica-based network. The non-uniform
glass composition/electric properties under DC field causes the in-
homogeneous Joule heating (Fig. 2). One can note that the hot spot
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0.3 mA mm?2
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Fig. 2. Digital camera and thermocamera video stills of soda lime glass subjected to (a) 0.3 mA mm~2, (b) 0.7 mA mm~2, (c) 2 mA mm~2 and (d) 4 mA mm~2 using solid

Pt electrodes.

Fig. 3. Digital camera and thermocamera video stills of soda lime silicate glass subjected to (a, b) 2 mA mm~2 and (c, d) 4 mA mm~2 using molten NaNO; electrode at the
anode side (+). (a, ¢) and (b, d) report the pictures of the samples 1 min and 10 min after the beginning of the experiment, respectively.

moves inside the specimen because the current concentrates in the
region where the depletion layer is thinner at a given time [36].
This leads to a continuous movement of the current path which in
turns originates the abrupt fluctuations in the E values reported in
Fig. 1 (and Fig. 1S in “Supplementary material”).

The most important finding of this work is represented by the
results reported in Figs. 3 and 4b, where it is shown that the float-
ing hot spot in the anodic region completely disappears when the
anode is constituted by molten NaNOs (see also “Supplementary
material”, Video $9-12). The hot spot does not appear even in case
of prolonged treatments (i.e.,, 10 min) at relatively high currents
(i.e., 4 mA mm~2). This is an obvious consequence of the fact that
the alkali ions moving toward the cathode (-) are replaced in the
anodic region by Na* ions from the salt bath (similarly to field-
assisted ion exchange processes [46,47]). Under such conditions,
the highly resistive alkali depletion layer at the anode (+) is not
formed. Fig. 4d clearly shows that the anodic region maintains sub-

stantially the same composition of the original glass in case of
molten NaNO;3 electrode. Conversely, the Na signal at the anode
is definitively weakened in case of Pt electrode. From an electro-
chemical point of view we can observe that, when using Pt anodes,
the Na®™ migration should be counterbalance by molecular oxygen
evolution:

0% — 2e + %oz(g) (1)
and by the formation of free electrons that are promptly collected
at the metal electrode (+). The generation of electronic disorder in
the alkali depletion layer might also contribute to the activation of
electronic conductivity in the glass. On the other hand, in case of
NaNOs3 anodes, the charge carriers are ionic both in the glass and
in the salt electrode. Thus, there is a simple substitution of Na*
from the salt into the glass. In this case, the conversion of ionic to
electronic current moves at the interface between the Pt wire and
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Fig. 4. Temperature profiles obtained using (a) Pt and (b) molten NaNO3 electrodes (data extracted from Fig. 2a-d and Fig. 3a and c). The inset in (a) reports the photoe-
mission from the specimen recorded while using Pt electrodes (J = 2 mA mm~2), whereas the inset in (b) shows the dilatometric plot of the glass evidencing the T, and Ts.
The EDS spectra obtained on the glass after treatments using Pt and molten NaNOj3 electrodes are reported in (c) and (d), respectively.

the molten NaNO3 where electrons are released by the oxidation
of the nitrate forming nitrogen oxides and molecular oxygen. It is
worth mentioning that in both cases a clear accumulation of Na
at the cathode takes place; here the conversion from ionic (in the
glass) to electronic (in Pt) current likely involves the reduction of
sodium ions [44]. We did not see any reason against the possibility
of using molten NaNOs cathodes in the next future to eliminate
such local alkali species accumulation.

For these reasons the use of molten NaNO;3 anode allows a
rather homogeneous heating of the glass specimen. Moreover, the
absence of the hot spot leads to the disappearance of the strong
E fluctuations observed in Fig. 1. We can therefore deduce that
the DC Joule heating intensity and distribution in alkali-containing
glasses strongly depend on the electrode configuration and it can
be made homogenous simply by employing electrodes acting as al-
kali suppliers.

The presence/absence of the alkali depletion layer also explains
the dielectric strength differences (i.e. the E spike in Fig. 1) when
using Pt or molten NaNOs anodes. In fact, in case of Pt electrode
the current flow can be initiated only by breaking the highly re-
sistive SiO, layer at the anode, thus increasing the average electric
field required for breakdown. Once the SiO, layer breaks, sample
resistance strongly decreases, leading to the abrupt drop of E ob-
served in Fig. 1 for the case of Pt electrode (the E decrease being
much less pronounced when using molten NaNO3 anode). There-
fore, not only the Joule heating but also the dielectric strength of
the glass appears dependent on the electrode material choice.

We can also point out that the yellowish-orange luminescence
related to the emission lines of Na and K observed with Pt elec-
trodes completely disappears using molten NaNOs. The lumines-
cent lines are therefore excited within the hot spot by the local
high temperature (and, very likely, by the formation of electronic
disorder under high field strength at the anode). Therefore, the
presence of luminescence upon EFIS can be merely attributed to
extremely localized effects related to the formation of chemical in-
homogeneity under DC.

Finally, it is worth spotting that the sample treated with NaNO3
anode at 2 mA mm~2 is not deformed during the process; con-
versely, the specimen treated at 4 mA mm~2 is highly bended af-
ter 10 min current flow (Fig. 3). Such result is in perfect agree-
ment with the thermocamera measurement, which suggests that
the former remained ~40°C below the Ty and the latter was
~20°C above the Ts of the glass. The results point out that EFIS
using molten NaNO3 anode is primarily a thermal phenomenon
with only limited (or none) athermal effects of the field/current
on the glass rheology. Definitive conclusion for the case of Pt elec-
trodes cannot be drawn because of the unstable and inhomoge-
neous heating.

In summary, the simple picture stating that the Joule heating
only depends on the material properties and temperature, fails
when it is applied to soda lime silicate glasses under DC exper-
iments. Here, the Joule heating and the electric properties are
highly influenced by the choice of the electrode material. Elec-
trodes able to supply alkali ions to the glass (like molten NaNOs)
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lead to homogeneous Joule heating under DC, whereas inert elec-
trodes (like Pt) cause the development of strong thermal gradients
associated to localized overheating of the anodic region.
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