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Abstract: The need for sustainable solutions to reduce the carbon footprint of the ceramics and glass 
industry leads towards the development of new electric current-assisted technologies. Flash 
sintering-like processes in glasses allow a reduction of the softening temperature and could pave 
the way for new shaping technologies. Herein, we investigated the flash transition in soda-lime 
silicate glass using two different electrode materials, silver, and platinum. The high dielectric 
strength registered on samples tested with platinum electrodes undergoes a significant reduction 
when silver is used. In other words, in the case of silver electrodes, the flash ignition takes place at 
a lower onset field. Moreover, the Joule heating developed during the process can be turned from 
being highly inhomogeneous with Pt electrodes to homogeneous when Ag electrodes are used. 
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1. Introduction 
The development of sustainable processing technologies, driven by the interest to 

reduce energy consumption and the carbon footprint, is a fundamental challenge for the 
21st-century industry. The use of electric currents and fields to induce internally generated 
heating by the Joule effect [1] has already been recognized as a powerful tool to facilitate 
material processing. Nowadays, electric current-assisted processes are well-established in 
the field of metals manufacturing [2,3], e.g., in the automotive industry [4], but they are 
still under investigation for ceramics and glasses [5–9]. Recent research activities have 
discovered the possibility to densify ceramic materials by flash sintering (FS) [10–12] in 
shorter times and at lower temperatures compared to common sintering techniques 
[11,13,14]. FS is based on the application of an electric field to a ceramic green body, 
typically in “warm” conditions (i.e., at temperatures well below those required for 
conventional sintering), resulting in sudden densification (a matter of seconds) of the 
component. During the “flash event”, three additional phenomena are observed: (i) a 
thermal runaway of the Joule heating takes place [15,16], (ii) the electrical resistivity 
drops, and (iii) a bright emission of light is observed [17–19]. Because of the transition 
from being insulator-like to conductor-like at the flash onset, the process is typically 
divided into three stages: 
- Stage I (or incubation): the material is resistive, a limited current flows, and the power 

source works in current control; 
- Stage II (or flash event): the material becomes electrically conductive, the electric 

current increases until it reaches the set limit, and most of the densification takes 
place; such a phenomenon is observed at an onset combination of an electric field 
and furnace temperature; 
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- Stage III (or steady stage): the power source works in current control, marginal 
densification is observed, and the grains coarsen. 
Since its discovery in 2010, flash sintering has attracted a relevant scientific and 

technical interest aimed at unraveling the sintering mechanisms [20–27] and at identifying 
possible hybrid technologies allowing its integration into existing spark plasma sintering 
[28–30] and microwave equipment [31]. On the other hand, numerous research activities 
have pointed to the identification of the FS conditions for ceramics, which possess very 
different electrical properties from electronic conductors [32,33] to ionic conductors [13–
35], and from composites [36] to semiconductors [37,38]. A phenomenon similar to FS was 
discovered in bulk alkali-containing silicate glasses subjected to the application of an 
external electric field [39–43]. The results were a drop in the glass resistivity and a 
reduction of the softening temperature. For this reason, the process was named electric 
field-induced softening (EFIS) [39–43]. However, the process carried out in a direct current 
(DC) led to highly inhomogeneous Joule heating because of the charge carriers’ 
displacement (Na+) toward the sample cathode (-) [41,43]. The formation of an alkali-
depleted layer at the anode (+) caused a local increase in the electric field and a 
concentration of the electric power dissipation. 

Recent studies on FS have shown the influence of electrodes’ material on the flash 
event [44–46]. The effect of the electrode material on the FS behavior of α-alumina was 
analyzed by Caliman et al. [45]. They found that platinum electrodes behaved as blockers 
of the ionic current, rendering FS inefficient. Instead, silver electrodes allowed a sufficient 
electrochemical transfer for the flash event to occur [45]. More recently, it has been shown 
that the use of conductive pastes at the Pt wires/ceramic interface allows one to change 
the flash sintering behavior of oxygen ion conductors (i.e., yttria-stabilized zirconia) 
[44,46]. Besides, the possibility to tune the Joule heating in soda-lime silicate glasses by 
changing the electrodes has been demonstrated: if a molten NaNO3 bath is used as an 
anode, a homogeneous Joule heating profile develops, whereas Pt electrodes cause the 
localized overheating of the anodic region [47]. Starting from these results, in the present 
work we aimed to understand whether the choice of the electrode could alter the flash 
onset conditions of soda lime silicate glass. To achieve this goal, the FS onset conditions 
of glass samples were studied using silver and platinum electrodes. 

2. Materials and Methods 
Specimens (20 × 4 × 4 mm3) were cut from a glass sheet of commercial soda-lime 

silicate float glass with the following composition (wt%): 71.4 SiO2; 1.0 Al2O3; 13.9 Na2O; 
0.3 K2O; 4.1 MgO; 9.1 CaO; and 0.2 others. The glass transition temperature was evaluated 
in previous work by the dilatometric method and resulted in being 568 °C. The electrodes 
were painted on the squared faces (4 × 4 mm2) using platinum paste (C60903P5, Gwent 
Chemicals, Pontypool, UK) and silver paste (DW-250H-5, Toyobo, Osaka, Japan). Two 
different electrode configurations were adopted: (a) both surfaces painted with Ag paste 
(Ag configuration in the following); (b) both surfaces painted with Pt paste (Pt 
configuration in the following). The samples were placed in a fused silica tube used as a 
sample holder, and the painted surfaces were placed in contact with two Pt disks with a 
diameter of about 9 mm (Figure 1a). The sample holder was placed within a furnace 
(Figure 1b) (Nabertherm HT16/16, Carbolite Gero, Hope, UK), and the Pt disks were 
connected to a power supply (Glassman EW series 5 kV-120 mA, Glassman, Hauppauge, 
NY, USA). The specimens were heated up, and the temperature close to the glass bars was 
checked with a K-thermocouple placed near the sample holder. The experiments were 
performed for each electrode configuration at three furnace temperatures: 450 °C, 490 °C, 
and 550 °C. 

An increasing DC voltage was applied by the power supply. Voltage and current 
data were collected using a digital multimeter (Keithley-2100, Keithley, Solon, OH, USA) 
(acquisition frequency = 1 Hz). The power supply was turned on 5 min after the furnace 
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reached the required temperature, allowing homogeneous and complete heating of the 
glass. The initial DC voltage was zero; then, it was increased by 100 V (50 V cm-1) every 60 
s (step-like function), until the flash was observed. 

The sample temperature evolution during the process was estimated while 
accounting for the power generated by the Joule effect: 𝑊 𝑉𝐼, (1)

the power loss caused by radiation: 𝑊 𝜎 𝑆 𝜀 𝑇 𝑇  (2)

and the convection: 𝑊 ℎ 𝑆 𝑇 𝑇 , (3)

where V is the applied voltage, I the flowing current, σ the Stefan–Boltzmann constant, S 
the surface of the sample exposed to the environment and available for heat exchange, ε 
the glass emissivity (ε = 0.97) and h the convective heat transfer coefficient (in this case, h 
ranges between 1.79 and 11.43 W m−2 K−1, and it is a function of the sample temperature). 
The h coefficient has been calculated following the procedures reported in Perry’s 
Chemical Engineer Handbook [48]. Ts is the absolute temperature of the sample, while Tf 
is the absolute temperature of the furnace. Convection was assumed to be natural, and no 
motion of the fluid was forced. The sample temperature was considered to be 
homogeneous, neglecting the formation of localized hot spots, as evidenced in other 
studies [47]. The variation of the sample temperature as a function of time can be 
evaluated as: 𝜕𝑇 𝑊 𝑊 + 𝑊𝑐 𝑚 𝜕𝑡  (4)

where ∂Tsi is the temperature differential of the sample, cp is the specific heat of soda lime 
silicate glass (cp = 0.84 J g−1 K−1), and m is the mass of the sample. 

 
Figure 1. (a) Sample holder configuration. (b) Sample positioning within the furnace, together with the thermocouple. 

Some additional experiments were carried out outside the furnace to record the flash 
event with a camera CANON EOS-750D and a thermo-camera FLIRT-T62101. In this case, 
the glass samples were initially heated up with a thermal gun at around 400 °C, and then 
the power supply was turned on and the multimeter registered the voltage and current 
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data as in the experiments performed within the furnace. Here, the power supply was 
working under current control during the entire experiment, this meaning that it was 
forcing a certain selected current to flow in the circuit. Four current densities were applied 
to the samples: 0.3, 0.7, 2, and 4 mA mm−2. 

Scanning electron microscopy (SEM, Jeol JSM5500) observations and energy-disper-
sive X-ray spectroscopy (EDXS) microanalyses were carried out after the experiments. 

3. Results 
Figure 2 shows the electric data recorded during the flash experiments carried out at 

450 °C, 490 °C and 550 °C with the two different electrodes (Pt, Figure 2(a-c), and Ag, 
Figure 2(d-f)) configurations. The electric field was increased stepwise by 50 V cm−1 every 
60 s. The last step reported for each configuration corresponds to the electric field at which 
the current sharply increased because of the flash transition. The calculated onset field for 
the flash event is reported in Figure 3. One can observe that the lower the furnace temper-
ature, the higher the electric field needed to activate the flash transition. This is related to 
the fact that conduction in glasses is a thermally activated phenomenon that is enhanced 
at a high temperature, and the present findings are in substantial agreement with previous 
results obtained for different ceramic systems under FS [12]. More interestingly, the re-
sults in Figures 2 and 3 point out three additional outcomes: 

i. The flash onset field is doubled when Pt electrodes are used; 
ii. At the same temperature, samples with Ag electrodes are characterized by a higher 

conductivity (i.e., the electric current in Ag-plated samples is much larger than that in 
Pt-plated ones before the flash); 

iii. A nonlinear conductivity trend is detected: the electric current sharply increases when 
an onset electric field is applied (Figure 2), this rise in the electric current being sharper 
when Pt electrodes are considered. 

The logarithm of the glass conductivity during the experiments is reported in Figure 4 as 
a function of the inverse of the sample temperature in the case of platinum and silver 
electrodes (Figure 4). The sample temperature was estimated by integrating Equation (4). 
From the slopes of the plots in Figure 4, the activation energy for conduction was calcu-
lated. It resulted in a range of 0.94–0.98 eV and 1.03–1.21 eV when Ag and Pt electrodes 
were considered, respectively. 

Figure 5a shows the conductivity evolution, in a logarithmic scale, for samples pro-
cessed at Tf = 490 °C. A sawtooth-like plot is obtained as a function of time in the case of 
the Pt-plated samples. Every 60 s, the voltage was manually increased and the conductiv-
ity underwent a sharp increase and then decreased at a constant voltage step. Similar phe-
nomena can also be recognized in the Pt-plated samples treated at 450 °C (Figure 6b) and 
550 °C. The conductivity increase at the voltage steps does not appear as a thermally acti-
vated effect since the estimated sample temperature increased only by 8 °C during the 
voltage steps (Figure 6a). Conversely, during the flash incubation, the electrical conduc-
tivity seems to decline during the process despite the sample temperature increasing (due 
to the progressive increase of the applied voltage). This phenomenon is visible in the case 
of Pt electrodes and cannot be observed when Ag electrodes are employed. The Ag con-
figuration showed a smoother trend, as reported in Figure 4a, and the conductivity re-
mained almost constant until the flash was ignited. Moreover, the electrical conductivity 
was larger in the case of Ag electrodes (Figure 5). 
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Figure 2. Electric field and current for the experiments carried out in the furnace using Pt configurations at (a) 450 °C, (b) 
490 °C and (c) 550 °C, and Ag configurations at (d) 450 °C, (e) 490 °C, and (f) 550 °C. 
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Figure 3. Flash onset field triggering a dielectric breakdown as a function of the applied electrode configuration and the ex-
perimental temperature (error < 50 V cm−1). 

 
Figure 4. The logarithm of conductivity as a function of the estimated sample temperature for (a) Pt-plated and (b) Ag-
plated samples. 
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Figure 5. (a) Logarithm of conductivity as a function of time for the samples treated at 490 °C. (b) The logarithm of con-
ductivity as a function of 1/T for the samples treated at 490 °C. 

 
Figure 6. (a) Logarithm of conductivity in the temperature range of 450 °C and 462 °C for the Pt sample treated at Tf = 450 
°C. (b) The logarithm of conductivity as a function of time for the Pt sample tested at 450 °C. 

To observe the effect of the different electrode configurations on flash Stage III, out-
of-furnace experiments were carried out and recorded by a digital camera and a thermal 
camera. Figures 7 and 8 show some video stills of the sample treated with 2 mA mm−2. 
Ag-plated samples were characterized by homogeneous heating in the first part of the 
experiments, with no visible glowing. Nevertheless, about 1 min after the electric current 
started to flow, a bright glowing originating from the anodic region (+) was observed, as 
shown in Figures 8 and 9 (the detection limit reported in Figure 9 is the maximum tem-
perature that the thermal camera can detect). This was associated with localized anodic 
overheating, which is well visible in the thermal camera images (Figure 8). On the other 
hand, the glowing in the Pt samples appeared just after the application of the current. This 
behavior was confirmed for all the applied current densities, as reported in Figure 10, 
where the anodic hot spot incubation time is plotted against the applied current density. 

The samples with Ag electrodes showed a clear chromatic alteration in the anodic 
region, which became brownish after the treatment (Figure 11a). The SEM micrographs 
(in backscattered electron mode) and EDXS analysis point out that the brownish region 
contains a relevant amount of silver (Figure 11b,c). 

 



Ceramics 2021, 4 77 
 

 

Figure 7. Digital camera images of the (a,b) Ag- and (c,d) Pt-plated samples treated with 2 mA mm−2. The electric 
current is applied at t = 0 s. 

 
Figure 8. Thermal camera images of the (a,b) Ag- and (c,d) Pt-plated samples treated with 2 mA mm−2. The electric current 
is applied at t = 0 s. Top of the sample = cathodic region (-); Bottom of the sample = anodic region (+). 

 
Figure 9. Temperature profile for the Ag-plated samples with four different applied current densities. 

 



Ceramics 2021, 4 78 
 

 

Figure 10. Hot spot incubation time for the platinum (red)- and silver (green)-plated samples, as a function of the applied 
current density. 

4. Discussion 
The results point out the complex behavior of the electric properties of soda lime 

silicate glass during flash processes. The flash behavior appears dependent not only on 
the composition, field, current and temperature but also on the electrode material. The 
flash onset changes with the electrode configuration, as shown in Figures 2 and 3, and the 
flash transition requires a higher field to be ignited in Pt-plated samples. 

The variations in terms of the flash onset conditions are strongly bonded by the dif-
ferences measured in the electrical properties, where the samples treated with Ag elec-
trodes appear more conductive (Figure 5). The result is consistent with the literature on 
FS since it is well known that the higher the electrical conductivity, the lower the flash 
onset field [12]. These results could be of broader interest as glass is one of the most com-
monly used electrical insulators. It is clear that the insulating properties of glass change 
with the applied electrode. In other words, the dielectric strength of glass at a high tem-
perature strongly depends on the electrode material. 

The estimated activation energies for conductivity are slightly larger than those ex-
pected from the literature. The activation energy for Na+ diffusion in soda-lime-silica glass 
should be around 0.72 eV according to the theory of Anderson and Stuart [49]. Other stud-
ies proposed values of activation energy for sodium migration in alkali-based glasses be-
tween 0.6 and 1.1 eV [50,51]. The present results, ≈ 1 eV, lay in the upper part of this range 
but appear not completely unreasonable, especially for Ag-plated samples (0.94–0.98 eV). 
Larger activation energy was calculated for Pt-plated samples (1.03–1.21 eV), but this re-
flects a limitation due to the inhomogeneous temperature profile (Figures 7 and 8). In 
other words, the activation energy measured with Pt electrodes is only an “apparent” 
value as the temperature distribution and the conductivity are not homogeneous through-
out the sample length. 
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Figure 11. (a) Picture of an Ag-plated sample after flash treatment at 2 mA mm−2, where a brownish region is visible at the 
anode (+). (b) SEM micrograph and (c) EDXS spectrum of its anodic region. 

Differences between the two electrode configurations can also be observed in Stage 
III of FS: in the case of Pt electrodes, Joule heating is inhomogeneous, whereas it is homo-
geneous (at least for the first part of the process) when Ag electrodes are used. 

The mechanism behind the observed behavior is related to the different blocking 
properties of the two electrodes against the ionic current. Pt is substantially a cation block-
ing electrode, and an alkali depletion layer develops in the anodic region. There, the elec-
trical resistivity increases, causing a local growth of the electric power dissipation. This 
has already been extensively documented in the literature [41,43,47]. However, herein we 
show for the first time that this also has a strong effect in impeding the flash transition. In 
fact, the growth of the alkali depletion layer at the anode (+) causes an increase in the 
overall resistance of the system. For this reason, the electrical resistivity in Figures 5 and 
6 tends to decrease in the constant-voltage step. On the other hand, when the voltage is 
increased (step-like), the electric field in the alkali depletion layer sharply increases. Since 
the local electric field is expected to be in the order of 106 V cm−1 [41], the electronic con-
ductivity is nonlinear but field-dependent (Frenkel showed a similar behavior when de-
scribing the pre-breakdown regime [52]). This could explain the instantaneous intensifi-
cation of the electrical conductivity at the voltage steps and the reported sawtooth-like 
conductivity profile. In summary: (i) the applied electric field induces a movement of 
charge carriers (Na+) towards the cathode (-), forming a sodium-depleted layer at the an-
ode (+); (ii) the alkali-depleted layer is highly resistive, and it induces a resistance increase 
in the constant voltage step; and (iii) intensification of the local electric field in the deple-
tion layer, which causes a nonlinear conductivity trend, is induced at each voltage step. 
The activation of the flash transition in the Pt-plated sample requires the dielectric break-
down of the highly resistive alkali depletion layer and high voltage. Once the current 
starts to flow, the field is not homogeneous along the gauge length, and this induces an 
inhomogeneous Joule heating. 

In Ag-plated samples, the formation of the depletion layer is partially counterbal-
anced by the diffusion of silver cations into the anodic region. Silver diffusion inside the 
glass from the metallic electrode is confirmed by SEM/EDXS analyses (Figure 11). Moreo-
ver, the brownish coloration of the anodic region may suggest the formation of Ag 
nanoclusters [53]. In other words, in the case of Ag electrodes, a sufficiently successful 
electrochemical transfer at the interface between the electrode and the glass takes place, 
and silver behaves as a cation nonblocking electrode. In the Ag configuration, Na+ moving 
towards the cathode are substituted by silver cations Ag+ in the anodic region. Although 
both Ag+ and Ag2+ exist, the former is more stable and most likely to form. The conversion 
from an electronic to ionic current at the glass/metal interface in the anodic region (+) very 
likely proceeds through the oxidation of Ag atoms: Ag → Ag + e  (5)

In other words, the electric potential causes the oxidation of metallic silver, the silver 
ions are accommodated within the glass structure in the sodium sites, and an electron is 
collected by the positively charged metal electrode. We could expect a similar behavior 
when considering other cation nonblocking electrodes, like for instance alkali salts in the 
molten state. Other metal electrodes acting as cation-nonblocking could be possibly made 
of copper, which in the 1+ oxidation state could easily substitute Na+ ions. However, the 
effectiveness in preventing a thermal gradient would depend a lot on the oxidation rate 
of the metal electrode and the mobility of its ions within the glass. Finally, metals pos-
sessing oxidation states different from 1+ are probably less suitable for eliminating the 
thermal gradients upon flash. 

For these reasons, the total conductivity in Ag-plated samples is larger, and this fa-
cilitates the flash transition. The electrode behavior, however, is not completely reversible, 
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and when high currents are applied for “long” periods a localized overheating develops 
at the anode because of the formation of a highly resistive region (Figures 7–10). 

5. Conclusions 
The ignition of the flash process in soda-lime silicate glass is a function of the elec-

trodes’ material. Pt electrodes appear to be blockers for the current flow, while Ag elec-
trodes result in a lower flash onset field. The use of electrodes like silver, able to continu-
ously substitute Na+ ions migrating towards the cathodic region, leads to the easier occur-
rence of the flash. The mechanism explaining this result is the diffusion of Ag cations, 
filling the gaps left by migrating Na+ and so partially counterbalancing the formation of a 
highly resistive alkali-depleted layer at the anode. 

This also has an impact on the Joule heating homogeneity during the steady stage of 
the process: Ag electrodes allow homogeneous heating of the specimen, whereas the pro-
cess is highly inhomogeneous when Pt is used, which only occurs in the case of Ag elec-
trodes when severe current and treating time conditions are used. 
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