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meso- and micro-pores were densified by flash sintering, using DC electric field in the range 1000-3000 Vcm™ .
The results point out the applicability of this sintering technology to glasses characterized by viscous flow
sintering mechanisms. Excluding the anodic region, the specimens resulted well densified using a current limit of
2mA mm™ 2 and a dwelling time of 30 s. The obtained microstructure at the anode and at the cathode side is
asymmetric, the former being characterized by the formation of Na-enriched region, the latter by the local

For the first-time compacts of porous glass particles (95 wt% SiO,, 2.3% Na,0, 1.6% Al,03) exhibiting macro-,
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formation of large pores (hundreds of microns). The mechanism, which triggers the flash event, appears to be
associated to dielectric breakdown.

1. Introduction

Flash Sintering (FS) is an innovative, electric field-assisted sintering
technique which allows a consistent reduction of consolidation time
and temperature for crystalline ceramics [1-11]. Indeed, the densifi-
cation takes place in few seconds at an onset furnace temperature,
strictly related to the applied field [12,13], much lower than that
needed in the conventional processes.

In a typical flash sintering experiment, a constant electrical field is
applied to a green ceramic specimen subjected to isothermal or constant
heating rate treatment. Since ceramic materials are characterized by
negative temperature coefficient for electrical resistivity, the current
flowing through the material gradually increases during the flash sin-
tering experiments. Once an opportune combination of field and tem-
perature is reached, an abrupt drop of the electrical resistivity is ob-
served [1,2,14,15] and a rapid densification takes place, accompanied
by some unusual effects like a very strong photoemission [16-18]. The
combination of these phenomena is at the base of the so-called flash
event. The current flowing through the material is usually limited to
avoid damages by setting a current limit in the power source. Once the
flash event occurs, the power supply reaches such current limit and
then the electric current is kept constant for a certain time.

In 2015, McLaren et al. have shown that also amorphous materials
can reproduce a sort of flash event. This has been detected in alkali-
containing silicate glass samples [19] where a viscosity reduction was

observed at given combination of electric field and furnace tempera-
ture, the phenomenon being therefore named as Electric Field-Induced
Softening (EFIS).

Recently, flash sintering was applied to an intermediate system
containing both crystalline (alumina) and amorphous phase (magnesia-
silicate glass) [20]. The current flow was shown to allow rapid densi-
fication via liquid phase sintering mechanisms at unusually low tem-
peratures. Conversely, when silica glass-containing alumina system was
considered, flash event could not be reproduced [20]. As a matter of
fact, according to previous findings [21], very resistive materials cannot
be flash sintered, the high electrical resistivity of pure silica inhibiting
the runaway for the flash event.

The idea arose to apply the flash sintering process to amorphous
materials where the viscous flow activation observed by McLaren et al.
on bulk glass specimens could trigger the densification phenomena in
glass powder compact. The aim of the present work is therefore to show
whether electric field-induced softening could be used for reducing the
consolidation time and temperature of amorphous materials, namely
nearly-pure porous silica glass.

2. Materials, methods and calculations
2.1. Glass preparation and characterization

Sodium borosilicate glass with composition (wt%) 65.6 SiO, _ 27.8
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B,03 _ 6.0 Na,O - 0.6 Al,03, was produced in the present work by using
the following reagents: silicon dioxide - SiO, (Fluka Analytical,
99.87%), sodium tetraborate - B4Na,0,10 H,O (Sigma-Aldrich,
99.5%), boron trioxide - B,O3 (Riedel-De Haén, 99.94%) and Aluminum
oxide - Al,O3 (Sigma-Aldrich, 99.7%). After drying the reagents at
115 °C, they were mixed and left to homogenize under mechanical
stirring for 20 h. Then, the powder mixture was put into a high purity
platinum crucible and heated up to 1600 °C for 2 h in a Deltech DT-31
furnace. The molten material was poured onto a thick steel plate and
rapidly pressed with another steel plate: this technique, known as splat-
cooling, allows high cooling rates of around 200 °C/s. The obtained
glass was then treated at 660 °C for 12 h to promote spinodal liquid
phase separation. The glass was manually ground in an agate mortar
and the powder was treated in distilled water at 90 °C for 24 h to leach
away the Na-B rich phase. After two consecutive washing with distilled
water and drying at 90 °C micrometric and nanometric porosity was
produced.

The particle size distribution was measured using a Malvern
Mastersizer particle size analyzer. Moreover, the produced glass was
characterized by energy dispersive spectroscopy X-Ray Fluorescence
(XRF), using a S8 Tiger(4 kW) spectrometer from Bruker, and by
Differential Thermal Analysis (DTA), using a Q600 analyzer from TA
Instruments at 10 °Cmin~ ?, in order to determine the final chemical
composition and the glass transition temperature, respectively.

2.2. Flash sintering and sample characterization

Cylindrical pellets (diameter = 6 mm, thickness = 4 mm) were
produced by uniaxial pressing at 150 MPa using distilled water as
binder. The samples were then introduced into a specifically modified
dilatometer (Linseis L75), where flash sintering experiments were car-
ried out. The samples were placed between two platinum discs (dia-
meter = 9 mm) used as electrodes. These were electrically connected to
a DC power supply (Glassman EW series 5 kV-120 mA) and to a mul-
timeter (Keithley 2100). The electrical parameters, as well as sample
shrinkage and furnace temperature, were recorded at 1 Hz. The dilat-
ometer piston was set to apply a load of 500 mN (= 17.7 kPa) to ensure
good contact between electrodes and glass specimen. The experiments
were carried out in static air, using constant heating rate of
10°Cmin~'. Different electric fields were used from 0 to
3000 V em ™ L. The current limit was fixed at 60 mA (2.0 mA mm ~ 2) for
most of the experiments. Other current values (5, 15, 100 mA) were
also used for comparison during isothermal treatments at 690 °C. In all
cases, the current was let to flow for < 2 min after that the current limit
was reached; then, the power supply and the furnace were turned off.

The flash sintered specimen density was determined by the
Archimedes' method; the possible presence of crystalline phases was
checked by X-Ray Diffraction (XRD, Italstrutture CPS) working with Cu-
Ka radiation (8.08 keV) at 40 kV and 30 mA in 26 range of 10-100°.
The samples microstructure was analyzed by observing polished sur-
faces (by using SiC 1200 paper) under SEM (Jeol JSM 5500). EDS
analysis (JEOL IXRF SYSTEMS 500, software Iridium Ultra) were car-
ried out at 20 kV on the anodic and cathodic regions and on the starting
glass powder.

2.3. Sample temperature calculation

During the flash sintering experiment, the actual sample tempera-
ture (Ts) is likewise higher than the measured furnace temperature (Tg)
owing to the current flow along the sample. In order to estimate the real
sample temperature, one can consider that the sample temperature
derivative with respect to time, dTs/dt (t = time) is proportional to the
difference between power input W;, and output W,:

dTy
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mand C, (equal to 1.2J g~ ' K™ !) being the mass and the specific heat.
Eq. (1) is valid under the following assumptions:

i. The sample is heated as a whole: macroscopic (i.e. between the
center and the surface or between the two electrodes) and micro-
structural (i.e. between the particles surface and core) temperature
differences are neglected;

ii. No phase transition occurs.

On such bases, Eq. (1) provides an estimation of the average thermal
evolution of the system during the flash process and does not pretend to
provide the calculation of the exact sample temperature, also con-
sidering that strong temperature gradients may be generated during the
flash [22-26].

The power input is the energy dissipated by Joule heating (W, = V
I); the power output can be identified with the radiation losses through
the lateral surface of the sample. Therefore,

ar, _

mC, = VI — 0eSe (T3 = T})

Pdr

(2)

where o is the Stefan-Boltzmann constant, ¢ the sample emissivity (as-
sumed equal to 1) and Sy, the lateral surface of the specimen.

For two consecutive times (t; and t,), the sample temperature
changes according to:

L—1h 4 4
NI — oS Tqa—T
mCy (ViL larn (Ts ] 3)

Such equation can therefore be used for estimating the sample
temperature evolution.

Tp=Tqa+

3. Results and discussion

The chemical composition of the glass powder is reported in
Table 1. The analysis confirms the efficiency of the production route,
the material being essentially constituted by pure silica (95 wt%),
alumina (1.6 wt%) and a residual amount of Na,O, around 2.3 wt%.

The glass transition temperature, Tg, determined from the diagram
in Fig. 1(a) is equal to 888 °C. Fig. 1(b) shows the particle size dis-
tribution of the silica glass constituted by powders with a size for the
50% accumulated volume D(v,0.5) of 55.7 + 0.1 um.

3.1. Flash sintering experiments

Fig. 2 reports the dilatometric curves of the green glass samples
measured at constant heating rate (10 °C min ~ !) varying the applied E-
field. Starting from the conventional treatment (0 Vcm™ 1), the glass
powder begins to shrink around 600 °C, then the shrinkage proceeds
with a moderate rate at higher temperature.

Conversely, if E = 1000 Vem™ " the flash event occurs with an
abrupt and instantaneous increase of the sintering rate, consistent with
previous findings on crystalline ceramics; as expected, also the onset
temperature for the flash event decreases with the applied electric field
(inset in Fig. 2) [2,12,14]. It is interesting to observe that under
3000 V cm ™ ! the material is flash sintered at about 600 °C, temperature
at which only very preliminary densification mechanisms are activated
in conventional processes. We can also observe that the dilatometric
plots of the samples treated with or without field are exactly overlapped
until the flash event takes place this being particularly evident if sam-
ples treated with 0 and 1000 V ecm ™! are compared. Therefore, the E-

Table 1
Chemical composition (wWt%) of the glass powder.

Si0, Na,0 Al,O; P,0s CaO  K,0 TiO,  Fey03  Y.03

95 2.3 1.6 0.60 0.12 0.090 0.032 0.023 0.007
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Fig. 1. DTA analysis (a) and particle size distribution of the porous silica powder (b).
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Fig. 2. Dilatometric plot recorded using different electric fields and current limit of
60 mA. The onset flash sintering temperature is reported in the inset.

field by itself (i.e., without current and power dissipation) does not
interact with the viscous properties of the glass powder compact.
Consequently, electric current and power dissipation are responsible for
the observed phenomenon much more than the E-field.

The XRD patterns recorded on the anodic and cathodic surfaces of
flash sintered samples are reported in Fig. 3. The spectra point out that,
after the flash sintering process, both sample sides are still amorphous
and no crystallization occurred.

On the basis of the collected results, we can point out that flash
sintering can be successfully applied to materials typically character-
ized by viscous flow sintering, maintaining the initial amorphous net-
work, the main densification phenomena being reproduced upon the
flash regime. In addition, the flash event can be effectively reproduced,
although the glass used in the present work is quite resistive, due to the
limited sodium content (2.3 wt%). Nevertheless, we can also point out
that the field/temperature here required for flash sintering are sig-
nificantly higher than those needed for the Electric Field-Induced
Softening (EFIS) reported in a previous work [19], the electric field
used here being about one order of magnitude larger. Such differences
are very likely associated to the higher glass electric resistivity. It can
also be partially associated to the fact that EFIS experiments were
carried out on bulk glasses, while here the electric field was applied to a
powder compact, the presence of porosity clearly reducing the cross
section available for current flow. A second fundamental difference is
associated to the different chemical composition, alkali oxide load
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being 2.3 wt% in the present work and about 30-33 mol% in EFIS ex-
periments [19] with obvious consequences in the electrical con-
ductivity [27].

3.2. Electrical behavior of the samples during flash sintering

The electrical behavior of the samples during FS experiments is
reported in Fig. 4. At low temperature, there is an almost linear re-
lationship between log(J) and 1000/T, the current slowly increasing
with temperature. Then, a strong deviation from the Arrhenius con-
ductivity behavior, associated to the flash event, takes place. Such
phenomenon has been always observed in flash sintering experiments;
nevertheless, in the present work it shows some peculiar features. At
first, it takes place when the specific power dissipation reaches
0.26-2.41 mW mm ~ 3, such values being significantly lower than those
usually needed for triggering flash sintering in crystalline materials
(typically in the range 10 to 50 mW mm~ 3 [28]). Then, the power
dissipation at the flash onset increases with the applied field: values
equal to 0.26, 0.76, 2.41 mW mm ™~ 2 were measured for the samples
treated using 1000, 2000 and 3000 V cm ™!, respectively. Generally,
power dissipation at the flash onset is almost independent on the ap-
plied field [28]. However, an accurate analysis of power dissipation
plots reported in previous papers [1,14,28,29] allows to point out that
the flash transition typically takes place at specific power dissipation
slightly increasing with decreasing the applied field. Therefore, the
behavior observed in the present work is remarkably different from that
usually reported.

Finally, the deviation from the pre-flash behavior is substantially
instantaneous here and it occurs in a time interval shorter than the
acquisition period of the multimeter (1 s). It results in a sharp increase
of power dissipation and electrical conductivity. Conversely, in a ty-
pical flash sintering experiment on crystalline material, the deviation
from the Arrhenius behavior is more continuous and slower [1,28,29].
Fig. 5 points out that the assumption of a generalized and homogeneous
thermal runaway from Joule heating cannot explain the electrical be-
havior measured in the present work. In fact, the sample temperature
growth at the flash onset is not sufficient to justify the abrupt electrical
resistivity drop. The plot in Fig. 5 shows the conductivity evolution as a
function of the inverse of the sample temperature, as calculated from
Eq. (3): as a matter of fact, at the flash onset the conductivity re-
markably deviates from the pre-flash quasi-linear behavior.

In addition, during the flash sintering incubation (right portion of
the plots in Fig. 4), the conductivity increases with the applied field.
Therefore, E vs. J relation deviates from the Ohm's law, similarly to the
results reported for flash sintering of resistive ceramics like a-alumina
[15,21].
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—— Anode (+)
—— Cathode (-)

Fig. 3. XRD patterns obtained on the anode and
cathode of the pellet sintered with 1000 Vecm ™! and
60 mA.
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Such features point out that the mechanisms which trigger flash
sintering in this work are different from those previously reported, ty-
pically associated to a thermal runaway of Joule heating [12]. In par-
ticular, the almost instantaneous drop of the electrical resistivity sug-
gests mechanisms based on spark, plasma formation or dielectric
breakdown. It is worth to point out that if triggering mechanisms cor-
responds to interparticle plasma formation, similar results should be
expected also in other materials under similar conditions of field/
temperature. Actually, flash experiments using fields of 1000 V cm ™!
or higher, were carried out in alumina [14,30] and glass-containing
alumina [20], pointing out that the flash event is triggered at tem-
peratures hundreds degrees above those experienced in the present
work. This suggests that the instantaneous discharge observed at the
flash event very likely is not caused by an interparticle plasma forma-
tion, but it probably involves the activation of dielectric breakdown of
the glass. Indeed, the room temperature dielectric strength of oxide
glasses is about three orders of magnitude larger than the fields applied
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in the present work [31]. However, this value strongly depends on
temperature and it is dramatically reduced upon heating [32]. In ad-
dition, dielectric breakdown is stimulated at the glass/particle surface
where the local field strength is enhanced by the presence of interfaces
between media with different dielectric constants [15,33]. Such phe-
nomenon is more effective in the initial stages of sintering when the
pores are sharp and characterized by a low neck to particle radius ratio
[33]. Finally, the field-enhanced conductivity during flash sintering
incubation (Fig. 4(b)), resembles a pre-breakdown behavior, where the
electrical conductivity increases with the applied field [34], this being
similar to previous findings on a-alumina [15]. Therefore, it seems to
represent a common feature in flash sintering experiments of highly
resistive materials, where fields higher than 1000 V cm ™! are used.

3.3. Microstructure of the sintered samples

Although the flash event is almost instantaneous, the samples are

°
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Fig. 4. Nominal specific power dissipation (a) and nominal electrical conductivity (b) as a function of 1000/T furnace.
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Fig. 5. Nominal electrical conductivity as a function sample temperature as calculated by
Eq. (3). The black arrows point out where the material starts to deviate from the pre-flash
behavior.

well densified and homogeneous (with the exception of the areas very
closed to the electrodes). The microstructures of conventionally sin-
tered (0 V.ecm ™ ') and flash sintered (60 mA and 2000 V cm ™~ ') samples
were compared in Fig. 6. It is substantially similar in the bulk with
isolated, well distributed, spherical pores. For the flash sintered mate-
rial a certain difference can be instead pointed out between the regions
close to the electrodes (Fig. 6 (c,d)): while cathodic region appears to be
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dense, the anodic one is extremely porous, with cavities as large as
1 mm. Microstructural asymmetry associated to the DC field/current
has already been reported in flash sintered crystalline ceramics. In such
materials it is mainly associated to different grain coarsening kinetics
[13,35,36]. It was attributed to electrolytic effects leading to a partial
reduction of the oxidation state of metallic ions at the cathode or to
field/current effect on the defect chemistry of the ceramic.

The origin of the microstructure differences found in the present
work is not clear yet. It could be associated to an overheating of the
anode, which leads to swelling phenomena due to the increased gas
pressure in the closed pores. Anodic overheating during EFIS have been
already pointed out by Yu et al. in a recent review on flash sintering
[22]. However, it seems that the observed very sharp transition be-
tween normal/abnormal pores (Fig. 6) is unlikely to be due to tem-
perature gradients.

Alternatively, the large pores formation at the anode can be asso-
ciated to the anodic reaction:

0 - %oz +2¢' @
which leads to the formation of gaseous oxygen [37]. Such reaction is
associated to electrolytic effects, which take place in alkali-containing
glasses subjected to DC-electric current. The field breaks the Na—O
bonds causing an electromigration of Na™ ions toward the cathode, as
shown in Fig. 7. The non-bridging oxygen atoms, which are no more
saturated by sodium ions, are negatively charged and collapse, re-
leasing O*~. The oxygen ions move toward the anode where they are
consumed by the anodic reaction given in Eq. (4) [37].

This hypothesis is supported by the EDS analysis reported in Fig. 8,
which points out the formation of Na enriched region on the cathodic
side of the specimen. Therefore, the glass is electrochemically active
during the flash treatment. However, it is not clear whether such
electrolytic phenomena (i.e., breakage of Na—O bonds) interact with
the viscous properties, mass transport and densification.

The physical properties of the sintered specimens are summarized in
Table 2. One can observe that in all the cases the final flash sintered
specimen density is lower than that obtained via conventional sintering.
However, by comparing the density results with SEM micrographs, we
can state that such difference is mainly associated to the presence of

Fig. 6. SEM micrographs taken on a conventionally sintered
sample (a) and on the central part of the sample flash sin-
tered using 2000Vem™! and 60mA (b). The micro-
structures of the cathodic (c¢) and anodic (d) area are re-
ported for comparison.
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Fig. 8. EDS analysis of the anode and of the cathode of the sample flash sintered using
2000 Vem™ ! and 60 mA, the analysis of the initial powder is reported for comparison.
The “Na/Si” ratio reported in the figure represents the ratio between sodium and silicon
EDS counts.

large pores in the anodic areas of the flash sintered samples. If the
anodic zone is excluded, flash sintering provides a satisfactory densi-
fication of the material using 60 mA.

The effect of the current limit on densification was studied by re-
producing flash sintering in isothermal experiments at 690 °C, the data
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Table 2

Open porosity, bulk density and average sample temperature (estimated by Eq. (3)) in the
steady stage of flash sintering (after the flash event) obtained in the different processes.

Nominal E Nominal I Open porosity Bulk density T sample
(Vem™ 1) (mA) (% 0.1 vol%) (x0.1gem™?) Q)
Heating ramp 10 °C min ™~ *

0 0 1.4 2.2 -

1000 60 4.5 2.1 1217 + 38
2000 60 2.1 1.9 1210 + 46
3000 60 4.9 1.9 1202 = 34
Isotherm at 690 °C

2000 5 28.6 1.6 833 = 12
2000 15 17.0 1.8 972 = 12
2000 60 6.2 1.9 1269 + 30
2000 100 8.9 1.7 1398 + 37

being reported in Table 2. One can observe that at lower current limit
(5-15mA), the densification process is not completed and a large
amount of open, interconnected porosity is still present after flash
sintering. This is very likely associated to the lower temperature
reached by the sample during the flash process (Table 2). Similarly, an
increase of the current limit from 60 to 100 mA does not improve the
densification. In the case of very high current, the sample temperature
consistently increases and very likely causes over firing: the gas pres-
sure within the closed pores grows at high temperature causing swelling
and reduces the material density. Therefore, the results point out that
the best densification is obtained using currents in the order of 60 mA,

which corresponds to a current density of 2 mA mm ™~ 2.

4. Conclusions

Porous silica glass powder (containing 2.3 wt% of Na,O) pellets are
densified by flash sintering using applied electric fields in the range
1000-3000 Vem ™! and a current limit of 2 mA mm™ 2 The results
point out the applicability of flash sintering to materials characterized
by viscous flow sintering mechanisms. The microstructure of flash
sintered specimens is comparable to that observed in conventionally
sintered ones, although the DC-flash sintering process introduces mi-
crostructural asymmetry between anode and cathode (the former being
more porous).

The conduction behavior in the pre-flash region does not follow the
Ohm's low, the conductivity increasing with the applied field. In ad-
dition, the onset condition for flash sintering presents additional sin-
gular features, suggesting that the flash event is triggered by a dielectric
breakdown.
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