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A B S T R A C T   

Single-phase Li1.5Al0.5Ge1.5(PO4)3 NaSICON (Na superionic conductor) glass-ceramic is obtained via a new route 
using flash-sinter crystallization. Green compacts of glass powder are sinter-crystallized in a few seconds. The 
results suggest that controlling the current increase during the flash event is needed to avoid overheating, which 
could cause the melting of the samples. A processing map for the flash sinter-crystallization of Li1.5Al0.5-

Ge1.5(PO4)3 is developed and presented based on the current density and holding time at the steady state. The 
samples fabricated by flash sinter-crystallization are compared with those conventionally heated. Using this 
novel technique, single-phase glass-ceramics are obtained with total ionic conductivity at room temperature 
surpassing that of glass-ceramics prepared by conventional heating (2.26 10− 4 S cm− 1 and 1.36 10− 4 S cm− 1, 
respectively).   

1. Introduction 

Because of the increased demand for high-energy-density batteries 
led by the electric-vehicle industry, safer options for lithium-ion batte-
ries are being extensively studied. In this context, the all-solid-state 
lithium battery (ASSB) is a promising technology that uses inorganic 
ceramics as a fast lithium-ion conductor to replace flammable liquid 
electrolytes, improving safety and increasing energy density [1–4]. Solid 
superionic conductors, such as lithium-NaSICON Lix+1AlxGex+1(PO4)3 
(LAGP) and Lix+1AlxTix+1(PO4)3 (LATP), have been investigated because 
of their high ionic conductivity at room temperature (1–10 mS cm− 1) 
and stability [5]. LAGP has been synthesized by different methods so far 
[6,7], e.g., solid-state reaction [8], Pechini [9], sol-gel [10], 
co-precipitation/freeze drying [11], and glass-ceramics from the 
melting-quenching and crystallization route [12–15]. 

The glass-ceramic route involves controlling the crystallization of a 
precursor glass under different heat treatment conditions. The possi-
bility of designing the microstructure in terms of grain size, crystalline 
phase fraction, and porosity is an advantage of this method [16,17]. 
However, glass crystallization at high temperatures can take several 

hours (e.g., Fu [15] crystallized a LAGP glass at 622 ◦C for 12 h), which 
can be a drawback for manufacturing materials containing highly vol-
atile components, such as LAGP. 

As a new alternative to ceramic processing, flash sintering has been 
drawing the scientific community’s attention for being a faster and more 
energy-efficient method than conventional sintering [18]. For instance, 
several ceramics were fully densified in a few seconds using flash sin-
tering at a furnace temperature considerably lower than the one needed 
in conventional sintering [19–22]. This technique applies an electric 
field directly to the sample during heating using two metallic electrodes. 
Then, in a critical combination of electric field and temperature, a 
thermal runaway event occurs, rapidly raising the electric current 
passing through the sample and heating it from the inside out extremely 
fast (in the order of 104 ◦C min-1) [23,24]. To control the maximum 
temperature reached by the sample during the thermal runaway, it is 
possible to monitor the power supply that applies the electric field and 
switch to a current-control mode, thus controlling the current limit. 

Since the seminal work of Cologna et al. in 2010 [18], several new 
approaches to flash sintering have emerged. For instance, Current Ramp 
Flash Sintering (CRFS) is a method that controls the current density at a 
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constant rate to avoid power overshoot during the flash event (thermal 
runaway onset) [24–26]. New possibilities for flash-like experiments 
have also emerged, for example, Flash Synthesis [27,28] and Reactive 
Flash Sintering (RFS) [29–35]. Flash Synthesis uses the thermal runaway 
and athermal effects of the flash event to accelerate material synthesis at 
low furnace temperatures. The RFS approach combines Flash Synthesis 
with sintering in a single step. 

The starting material used in RFS experiments includes crystalline 
precursor powders mixed at the desired stoichiometry [29,36] or 
amorphous precursor powders obtained by a chemical synthesis method 
[27,30] to synthesize a material with the desired phases by solid-state 
reaction. 

Here, we propose using a new variant of flash sintering to combine 
the grain-size control of the glass-ceramics route with the rapid pro-
cessing time of flash sintering. We named this new variant ’Flash Sin-
ter–Crystallization’ (FSC), in which sintering with concurrent 
crystallization of the glass phase is achieved. It is worth mentioning that 
conventional flash-like experiments have already been successfully 
applied in glass systems [37–41] and glass-ceramics [42] but without 
crystallization during the flash event. Thus, to our knowledge, this is the 
first scientific paper to report glass crystallization using a flash-like 
experiment. Yoon et al. [35] recently published a comprehensive re-
view on reactive flash sintering in which they pointed out that the flash 
event has not yet been used to crystallize glass and would be of great 
interest in this field. 

In this context, we hypothesize that the rapid heating rate of the flash 
event and athermal effects caused by the electric field would prevent the 
loss of volatile compounds and promote rapid sinter-crystallization of 
the LAGP NaSICON phase starting from an isochemical precursor glass. 
The FSC variant approach is expected to favor crystal growth, improving 
the material’s ionic conductivity. 

2. Material and methods 

2.1. Synthesis of the precursor glass 

Li1.5Al0.5Ge1.5(PO4)3 (LAGP) precursor glass with composition 
0.1875 Li2O - 0.0625 Al2O3 - 0.375 GeO2 - 0.375 P2O5 plus 5 mol% Li2O 
excess [43] was prepared using commercial reagent-grade Li2CO3 
(Dinâmica, 99.85%), Al2O3 (Sigma-Aldrich, 99.90%), GeO2 (Alfa Aesar, 
99.99%), and (NH4)2HPO4 (Sigma-Aldrich, 98.00%) powders. The re-
agents were dried at 120 ◦C for 24 h and then ground in a ball mill in a 
dry condition in a polyethylene jar using alumina grinding balls for 10 h. 
Next, the resulting mixture was heated (10 ◦C min− 1 heating rate) in an 
alumina crucible up to 700 ◦C for 1 h to decompose Li2CO3 and 
(NH4)2HPO4, releasing NH3, CO2, and H2O. Finally, the mixture was 
melted at 1250 ◦C for 30 min (10 ◦C min− 1), and the molten material 
was poured and pressed between two stainless steel plates (splat-cool-
ing), forming a ~1 mm thick glass plate. In a previous work [13], the 
chemical composition of a LAGP glass prepared in the same way was 
determined by inductively coupled plasma optical emission (ICP-OES). 
No significant lithium volatilization was identified in their case. 
Therefore, it is reasonable to admit that the desired stoichiometry has 
not changed significantly during the melting process in the present 
work. 

A small fragment of the precursor glass was used to determine the 
glass transition (Tg) and crystallization (Tx) temperatures using differ-
ential scanning calorimetry (DSC: 404, Netzsch) in the room atmo-
sphere. The DSC analysis was performed in a platinum crucible using a 
heating rate of 10 ◦C min− 1. 

The precursor glass was crushed using an agate mortar and pestle. 
The resulting glass powder was dry milled in a polyethylene jar using 
alumina grinding balls for 24 h and then sieved through an 80-mesh 
sieve. Cylindrical glass powder compacts with 4.3 mm in height and 
6.2 mm in diameter were formed by uniaxial pressing (250 MPa). A 
silver paste was applied onto both flat surfaces of the pellets to improve 

their electrical contact and allow the reversible electrochemical reaction 
between the ionic conductor (LAGP) and the electrodes (electronic 
conductors), as previously reported by Caliman et al. [44] and Lachal 
et al. [45]. 

2.2. Heat treatment & characterization 

LAGP samples were sintered and concurrently crystallized for the 
first time by flash sintering. To this end, a setup described in detail in a 
previous work [46] was used. The electric field used in all experiments 
was AC 1000 Hz (sinusoidal wave), with a magnitude of 150 V cm− 1 

(RMS values), which was turned on from the beginning of the furnace 
heating. The furnace temperature was set to reach 500 ◦C (20 ◦C min− 1 

heating rate) and was kept at this level until the end of the experiment, i. 
e. when the power supply was turned off. We varied the maximum 
current density from 10 to 100 mA mm− 2 (with 10 mA mm− 2 in-
crements) and the holding time (the time the power supply was kept on 
after reaching the maximum current density) from 20 s to 120 min (20 s, 
30 min, and 120 min). The current increase was controlled as a ramp 
with a slope of 0.5 mA mm− 2 s− 1 using CRFS [24,25,47,48] to avoid 
overheating during the flash event (when the power supply starts to 
operate in the current-control mode). The samples were labeled ac-
cording to the employed current density (J in mA mm− 2), sintering 
method, and holding time (t in minutes) – #tCRFS#J, e.g., the sample 
subjected to 20 mA mm− 2 for 120 min was labeled 120CRFS20. 

Furthermore, a traditional flash sintering experiment was performed 
(without controlling the current ramp during the flash event). In this 
case, a current density of 40 mA mm− 2 and a holding time of 1 min were 
used. Both experiments were carried out at a constant heating rate, i.e., 
the power supply was turned on at the beginning of the furnace heating. 
The furnace was set to heat up to 500 ◦C at a rate of 20 ◦C min− 1. 

One specimen (sample labeled CS) was conventionally sintered. This 
sample was heated up to 850 ◦C at a rate of 10 ◦C min− 1 with a holding 
time of 12 h. Table S1 in the Supplementary Material presents all the 
experimental conditions and their respective labels. 

A thermocouple was placed 10 mm away from the sample during 
flash sintering to measure the furnace temperature (Tf ). The black-body 
radiation (BBR) model was used to estimate the actual sample surface 
temperature, considering the Joule heating process during flash sinter-
ing [26,49]: 

mCp
dTs

dt
= VI − σSBεA

(
T4

s − T4
f

)
, (1)  

where m is the sample mass (kg), Cp is the sample heat capacity at 
constant pressure(calculated for each temperature using the polynomial 
equation proposed by Rohde et al. [50]), t is the time (s), V is the RMS 
magnitude of the voltage (V), I is the RMS magnitude of the current (A), 
σSB is the Stefan-Boltzmann constant (5.67 10− 8 W m− 2 K− 4), ε is the 
sample emissivity (assumed as 0.8), and A is the sample surface area 
(radial and flat surfaces of the cylinder) (m2). The specimen can expe-
rience a thermal gradient during flash sintering [51,52]; however, for 
the sake of simplicity, it was assumed that the whole sample was at the 
same temperature (Ts) for each instant of time. 

X-ray diffraction (XRD) was used to analyze the crystalline phases, 
crystallinity, and crystallite sizes of the samples. XRD analyses were 
carried out using Cu-Kα radiation (Rigaku Miniflex 600) in a 2θ range of 
10–60◦ and a step width of 0.02◦ at a scan speed of 2◦ min− 1. The 
crystalline phases and crystallite sizes were determined by Rietveld 
refinement using the GSAS-II software [53]. The flat surfaces of the flash 
sinter-crystallized samples were analyzed by XRD. The flat surfaces were 
gently polished with a 600-grit diamond disk before analysis to remove 
the silver paste. Likewise, the diffractogram of the LAGP glass (before 
FSC) was also obtained. 

The green density values of the pressed compacts were calculated 
from their mass and geometry, measuring their thickness and diameter 
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using a caliper and determining the mass/volume of the cylinder. After 
sinter-crystallization, all specimens had their apparent density calcu-
lated by the Archimedes principle. Their masses were measured dry, 
immersed, and soaked in distilled water on a laboratory scale (Mettler 
Toledo lab balance). The theoretical density of the LAGP crystalline 
phase was estimated from the Rietveld refinement of the x-ray dif-
fractograms as 3.56 g cm− 3. 

Scanning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) were performed on a fracture surface of the sintered 
compacts using a scanning electron microscope with field emission gun 
FEG-SEM XL30 (Phillips Electron Optics BV) coupled to an energy 
dispersive X-ray (EDX) source. After diametrically fracturing the cylin-
drical samples, a thin gold layer was deposited on the fractured surfaces 
for SEM analyses (Quorum Q150R ES equipment). 

The electrical conductivity of the sinter-crystallized specimens as a 
function of frequency and temperature was determined by electro-
chemical impedance spectroscopy (EIS). Both flat surfaces of the speci-
mens were polished and sputtered with gold (Quorum Q150R ES 
equipment), making them into electrodes. We varied the frequency from 
10 MHz to 10 Hz and the temperature from 30 to 170 ◦C (eight tem-
perature levels equally spaced). The applied voltage for the EIS mea-
surements was 300 mV. 

3. Results and discussion 

Fig. 1a shows the DSC curves of the precursor glass (0.1875 Li2O - 
0.0625 Al2O3 - 0.375 GeO2 - 0.375 P2O5), evidencing the regions (figure 
insets) where the glass transition temperature (Tg,onset = 508 ◦C; Tg,flexus 
= 522 ◦C), the crystallization onset temperature (Tx = 612 ◦C), and the 
crystallization peak (Tp = 622 ◦C) were determined. Both glass transi-
tion and crystallization peak temperatures agreed with findings of pre-
vious works that prepared LAGP glass-ceramics [12,14]. It is noteworthy 
that quenching of the LAGP melt by splat-cooling between stainless steel 
plates produced an amorphous LAGP glass, as demonstrated in the 

diffractogram in Fig. 1b. 
The flash onset temperature was similar for all investigated condi-

tions (468 ± 7 ◦C). This behavior was expected since we used the same 
electric field (150 V.cm− 1) in all experiments [54] and samples of the 
same size [51]. Therefore, the flash event was triggered at a furnace 
temperature approximately 50 ◦C below Tg. It is worth mentioning that, 
in some cases, the sample softened and lost its initial geometry. We 

Fig. 1. (a) DSC (10 ◦C min− 1 heating rate in the room atmosphere) pattern and 
(b) X-ray diffractogram of the Li1.5Al0.5Ge1.5(PO4)3 glass. The glass transition 
(Tg,onset and Tg,flexus), the crystallization peak temperature (Tp), and the onset of 
crystallization (Tx) are shown in a). 

Fig. 2. a) Processing map for flash sinter-crystallization with current ramp 
control of the Li1.5Al0.5Ge1.5(PO4)3 glass-ceramic. The green circles represent 
the conditions that succeeded, and the crossed red circles those that failed; b) a 
picture of a successful flash sinter-crystallized sample (120 min holding time and 
maximum current density of 40 mA mm− 2); c) a picture of a failing flash sinter- 
crystallized sample (120 min holding time and maximum current density of 60 
mA mm− 2). 

Fig. 3. Evolution over time of a) current density (J) and electric field (E), and 
b) power density (P) and the estimated temperature (TBBR) calculated using the 
Black-Body Radiation (BBR) model of the Li1.5Al0.5Ge1.5(PO4)3 glass-ceramic 
samples flash sinter-crystallized without current ramp control (FS) and with 
current ramp control (CRFS). 
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treated these cases as failure conditions. Fig. 2a shows a processing map 
of the studied conditions for the FSC of LAGP. An example of a condition 
that has succeeded is shown in Fig. 2b, while an example of a condition 
that has failed is presented in Fig. 2c. 

Fig. 3 illustrates the current density (J), electric field (E), tempera-
ture (estimated by the BBR model - TBBR), and power density (P) vs. time 
(t) of two samples: one flash sinter-crystallized without current ramp 
control (FS) and one with current ramp control (CRFS). In both exper-
iments, the samples reached the same maximum current density of 40 
mA mm− 2 (Fig. 3a). However, the sample subjected to FS achieved 
higher temperatures than those prepared by CRFS (Fig. 3b). This higher 
temperature is related to the delay in the automatic switching from 
voltage-to-current control of the power supply, which causes a power 
peak at the flash event. When the current increase is controlled by the 
software (CRFS), power peak and sample overheating are avoided. 

In flash experiments, the sample temperature increases with 
increasing the current density applied through Joule heating. For 
instance, Fig. 4c illustrates the temperature (estimated by the BBR 
model) of samples in which the maximum current density was main-
tained for 20 s (0.33 min). Even the lowest current density (10 mA 

mm− 2) resulted in a temperature (694 ◦C) higher than the DSC crys-
tallization peak of LAGP (622 ◦C). Also, after the flash event, the electric 
field (Fig. 4a) converges to the same value, regardless of the maximum 
current density applied (~25 V cm− 1). 

In the conditions in which the flash event was held for a longer time 
(30 min and 2 h), variation in the electric field was observed (Fig. 5a). 
This behavior led to failure at higher current densities (>70 mA mm− 2) 
because the sample temperatures surpassed 1250 ◦C in some moments, 
resulting in sample softening and, sometimes, loss of original geometry 
(Fig. 2b). 

Even in condition 30CRFS60, the sample temperature estimated by 
the BBR model exceeded 1250 ◦C for a few seconds when two anomalous 
electric field peaks occurred (Figs. 5a and 5c). Biesuz et al. [38] reported 
noisy peaks in the electric field when DC flash sintering soda-lime-silica 
glass using Pt electrodes. They suggested that these peaks are related to 
an alkali depletion layer formed close to the anode during DC flash 
sintering - first reported by McLaren et al. [40]. However, in our case, AC 
high-frequency (1000 Hz) was used; therefore, it is reasonable to assume 
that there was no depletion layer. Indeed, we performed EDS in different 
regions of the sample, and no significant chemical variation between 

Fig. 4. Evolution over time of a) electric field 
(E), b) current density (J), and c) the estimated 
temperature (TBBR) calculated using the BBR 
model of the Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass- 
ceramic samples flash sinter-crystallized with 
current ramp control (CRFS), 0.3 min holding 
time after the flash event, and various 
maximum current densities (from 10 to 80 mA 
mm− 2). Graphs a) and b) share the same color 
legend shown in graph c). In the graph’s c) 
legend, the CRFS superscript refers to the 
holding time and the subscript to the maximum 
pre-set current density (e.g., 0.3CRFS40 is the 
sample subjected to 40 mA mm− 2 for 0.3 min).   

Fig. 5. Evolution over time of a) electric field 
(E), b) current density (J), and c) the estimated 
temperature (TBBR) calculated using the BBR 
model of the Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass- 
ceramic samples flash sinter-crystallized with 
current ramp control (CRFS), with 30 min 
holding time after the flash event, and various 
maximum current densities (from 10 to 60 mA 
mm− 2). Graphs a) and b) share the same color 
legend shown in graph c). In the legend of 
graph c), the CRFS superscript refers to the 
holding time and the subscript to the maximum 
pre-set current density (e.g., 30CRFS40 is the 
sample subjected to 40 mA mm− 2 for 30 min).   
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them was verified (see Figs. S6 and S7), nor traces of silver were found. 
However, since these peaks only appeared after long holding times and 
high current densities, a possible explanation for their formation is 
related to oxidation, or even melting, of the silver paste, as previously 
reported by Frasnelli & Sglavo in a flash sintering experiment conducted 
with beta-tricalcium phosphate bioceramics using silver paste [55]. 

The flash sintering curves of samples with 2 h (120 min) holding time 
were similar to those with 30 min holding time. For further detail, see 
Fig. S1 in the Supplementary Material. 

Fig. 6 depicts the microstructure evolution of samples at different 
holding times and current densities. The specimens were analyzed in 
their core and near their flat surfaces, and no significant differences 
were found between the regions for the same treatment. By increasing 
the current density limit and the holding time, an increase in the relative 
density and grain size of the samples was observed. For instance, the 
grain size of the sample prepared with 0.3CRFS70 was considerably 
smaller than those prepared with 0.3CRFS80 and 0.3CRFS90. The differ-
ence in grain size was even more pronounced when comparing 0.3CRFS70 
with the ones prepared with longer holding time (e.g., 30CRFS50 and 
120CRFS50). Figs. S2, S3, and S4 in the Supplementary Material show 
SEM images at different magnifications. 

A non-crystallized phase was observed in 0.3CRFS40 ("a" arrows in 
Fig. 6), indicating the presence of residual glass for this condition, i.e., 
the sample has not been fully crystallized. Amorphous-like regions were 
also found in samples 30CRFS60 and 120CRFS50 ("a" arrows in Fig. 6). In 
these cases, the amorphous phase was not a residual precursor glass 
since milder treatment conditions (e.g., 30CRFS50 and 120CRFS40) 
resulted in fully crystallized samples. A thermal gradient could be 
formed at a microscopic level, i.e., between the grains’ volume and their 
boundaries, during the flash processes due to formation of current 
percolation pathways [56,57]. Therefore, the temperature of some re-
gions in these samples could have exceeded the solidus temperature of 
LAGP (~1130 ◦C [13]) and then frozen into a glass on cooling. It is 
noteworthy that the further increase in the current density of 30CRFS60 

and 120CRFS50 led to sample softening and loss of original geometry (see 
Fig. 1). 

Presence of the Li1.5Al0.5Ge1.5(PO4)3 NaSICON phase (International 
Crystal Structure Database ICSD#263,763 [58]) was confirmed by XRD 
in all CRFS conditions, regardless of the current densities and holding 
times used (Fig. 7). A residual glass was detected by XRD as a band at 
low diffraction angles in samples with 20 s holding time (Figs. 7a and 
7b). This amorphous band decreased with increasing the current density 
until it is no longer detected above 50 mA mm− 2, as evidenced in the 
colormap of Fig. 7a (as well as in Fig. S10). No amorphous phase was 
detected in samples treated for 30 min (Figs. 7c and 7d) and 120 min 
(Fig. S9), even for the lowest current density. 

Jesus et al. [27] reported the complete crystallization of an amor-
phous Pechini-derived powder after applying the flash process. In their 
case, part of the amorphous powder crystallized before the flash event, 
forming TiO2 and CuO. Then, during the flash event, CaCu3Ti4O12 
(CCTO) was formed. In our case, the flash event happened below Tg. 
Thus, no crystallization was achieved before the thermal runaway. 

Safanama et al. [59] performed an in situ synchrotron XRD analysis 
during sintering with concurrent crystallization of a LAGP glass powder 
without an electric field. They observed that the precursor glass crys-
tallizes before formation of the LiGe2(PO4)3 (LGP) rhombohedral phase 
(Al-poor LAGP phase). Then, with the increase in temperature, Al3+

gradually substitutes Ge4+ in the LGP structure. This substitution is 
accompanied by an increase in the concentration of Li+ in the structure 
to keep the electroneutrality, and changes in the lattice parameters. 
Safanama et al. [59] proposed a polynomial equation (Eq. (2)) relating 
the Al3+ content (the ′ in Li1+xAlxGe2-x(PO4)3) and the lattice parameter 
c: 

x = 137.951773 c3 − 8523.82837 c2 + 175, 558.931 c − 1, 205, 290.72. (2) 

Using Eq. (2), we estimated x for each studied condition (Table 1 and 
Fig. 8a). The amount of Al3+ entering the LAGP structure tended to 

Fig. 6. SEM images of the fractured surface (diametrical fracture) of the Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass-ceramic samples flash sinter-crystallized with current ramp 
control (CRFS) and the conventionally sinter-crystallized sample without electric field (CS). The conditions are labeled in each image. The CRFS superscript refers to 
the holding time, and the subscript to the maximum pre-set current density (e.g., 120CRFS40 is the sample subjected to 40 mA mm− 2 for 120 min). The orange arrows 
(a) indicate amorphous regions, and the red arrows (c) show crystallized regions. 
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increase with the current density and, consequently, with the increase in 
temperature, especially for the samples with 30- and 120-min holding 
times. It is noteworthy that, in some cases (e.g., 120CRFS40, 30CRFS50, 
and 30CRFS60), x decreased with the formation of an Al-rich secondary 
phase (AlPO4). The amount of Al incorporated into the structure varied 
between 0.50 and 0.58. Although the precursor glass was prepared with 
x = 0.50, the 5 mol% excess of Li2O added to the glass can increase x. Xu 
et al. [43] demonstrated by nuclear magnetic resonance (NMR) that the 
excess Li is incorporated into the LAGP structure, affecting its lattice 
parameters. Thus, it can justify why x >0.50 in most samples. 

The amount of Al-substitution in the LAGP structure also affects the 

peak intensities [15,59]. Thus, the peak intensity ratio (r) between 
planes (2 1 3) and (1 0 4), which corresponds to the peaks position (2θ) 
of 25.0◦ and 21.2◦, respectively, can also give an estimate of the amount 
of Al incorporated into the LAGP structure. The Al3+ scattering factor is 
smaller than that of Ge4+, thus r should increase with the Al-substitution 
(see Fig. S6) [15]. Indeed, higher current densities and longer holding 
times increased r (Table 1 and Fig. 8b), indicating an increase in the Al 
incorporation into the LAGP structure. 

Regarding the crystallite size, the full width at half maximum 
(FWHM) of the diffraction peaks decreased with increasing the current 
density, suggesting that high-current densities promoted larger 

Fig. 7. XRD results for Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass-ceramic samples flash sinter-crystallized with current ramp control (CRFS) with different current densities 
(J): at a) and b) 0.33 min holding time, and c) and d) 30 min holding time. 0* corresponds to J = 0 mA mm− 2 (no electric field). CS corresponds to conventional 
sinter-crystallization at 850 ◦C for 12 h. Graphs a) and c) are intensity colormaps of the b) and d) plots on the right. 
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Table 1 
Amount of secondary phases AlPO4 and Li4P2O7, Li1+xAlxGe2-x(PO4)3 lattice parameter c, estimated amount of Al-substitution (x), FWHM of the peak corresponding to 
plane (2 1 3), the ratio (r) between the peak intensities of planes (2 1 3) and (1 0 4), and the relative density values of the samples for each condition studied. The 
CRFS superscript refers to the holding time and the subscript to the maximum pre-set current density (e.g., 30CRFS40 is the sample subjected to 40 mA mm− 2 for 30 
min).  

Label AlPO4 (%) Li4P2O7 (%) LAGP c (Å) Al-sub (x) FWHM LAGP (2 1 3) Peak ratio (a.u.) Relative Density (%) 

0.3CRFS10 – – – – – – 54.6 
0.3CRFS20 – – – – – – 57.2 
0.3CRFS30 – – – – – – 63.5 
0.3CRFS40 – – 20.650 0.53 0.185 1.46 66.2 
0.3CRFS50 – – 20.661 0.55 0.157 1.51 68.4 
0.3CRFS60 – – 20.659 0.55 0.131 1.71 72.3 
0.3CRFS70 – – 20.660 0.55 0.128 1.77 75.4 
0.3CRFS80 – – 20.660 0.55 0.131 1.77 77.8 
30CRFS10 – – 20.636 0.50 0.337 1.65 69.8 
30CRFS20 – – 20.648 0.52 0.232 1.57 72.8 
30CRFS30 – – 20.660 0.55 0.143 1.67 78.2 
30CRFS40 – – 20.665 0.56 0.138 1.65 81.5 
30CRFS50 1.5 2.6 20.653 0.54 0.137 1.91 82.6 
30CRFS60 1.0 1.5 20.651 0.53 0.134 1.87 82.7 
120CRFS10 – – 20.632 0.50 0.245 1.71 69.5 
120CRFS20 – 2.1 20.647 0.52 0.162 1.61 73.4 
120CRFS30 – – 20.656 0.54 0.136 1.63 80.4 
120CRFS40 0.7 2.4 20.649 0.53 0.126 1.62 82.6 
120CRFS50 – 1.3 20.670 0.58 0.137 1.89 81.9 
CS 0.7 2.2 20.661 0.55 0.162 1.90 80.1  

Fig. 8. Influence of maximum current density of flash sinter-crystallization with current ramp on a) estimated content of Al3+ (x) in the Li1+xAlxGe2-x(PO4)3 (LAGP) 
structure; b) intensity peak ratio between LAGP planes (2 1 3) and (1 0 4); c) full width at half maximum (FWHM) of LAGP plane (2 1 3); d) schematic illustration of 
nucleation and growth rates for crystallization and densification as a function of temperature, adapted from Biesuz et al. [60]. Graphs a) and b) share the same color 
legend presented in graph c). 
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crystallite sizes (Fig. 8c and Table 1). In glass-ceramics, the nucleation 
rate is usually maximum near Tg, and the crystallite growth rate is 
maximum at ~0.95 TLiq (illustrated in Fig. 8d) [61,62]. Thus, since the 
heating rate during CRFS is considerably higher than in conventional 
heating, the samples crystallized at higher temperatures (i.e., with 
higher current density) should experience less nucleation and more 
crystallite growth. 

A small proportion of secondary phases was observed (see inset in 
Fig. 7d) in samples with relatively long holding times (30 min and 2 h) 
and current densities >50 mA mm− 2, as well as in the conventionally 
sintered sample (CS). The proportion of such phases was estimated using 
the Rietveld refinement (Table 1), whose details can be found in the 
Supplementary Material (Fig. S5). Previous studies have reported the 
formation of these secondary phases during conventional heat treat-
ments above 800 ◦C [59,63,64]. For instance, Safanama et al. [59] 
observed the formation of a new Al-rich phase (germanium mullite – 
Al3-xGexO4.5 + x/2) when LAGP glass was heated above 820 ◦C. In our 
case, two secondary phases (AlPO4 and Li4P2O7) were detected in 
specimens prepared at high current densities and extended holding 
times (see Table 1). No secondary phase was detected in the samples 
prepared with a short holding time (0.33 min), even when their tem-
perature exceeded 800 ◦C. 

To analyze the potential of the flash sinter-crystallized LAGP as a solid 
electrolyte, electrical conductivity was measured from room 

temperature (~30 ◦C) to 170 ◦C. The activation energy for ionic con-
ductivity was estimated from the slope of the resulting Arrhenius plot. 
Fig. 9a summarizes the total electrical conductivity (bulk and grain 
boundary) at room temperature for each studied condition. Fig. 9b il-
lustrates the influence of temperature on the total conductivity of the 
samples prepared with a 30 min holding time. We used the Zview 
software to estimate the total electrical conductivity considering an 
equivalent circuit of two R//C (resistance in parallel to a Constant Phase 
Element - CPE) in series. The equivalent circuit used to fit the experi-
mental data and an example of the Nyquist plot (impedance complex 
plane diagram) of the flash sinter-crystallized LAGP (120CRFS40) are 
shown in Fig. 9c. Table S2 (Supplementary Material) contains all the 
fitted results of the CPE of grain boundary (CPE_gb), bulk (CPE_b), and 
electrode (CPE_e), as well as the grain boundary (R_gb) and bulk (R_b) 
resistances. Fig. 9d shows the relative density vs. maximum current 
density used during the FSC process. 

For the same current density limit, longer holding times resulted in 
higher ionic conductivity (Fig. 9a). Furthermore, ionic conductivity in-
creases with increasing current density until reaching a maximum value, 
and then drops before a further increase (Fig. 9a). Both holding time and 
current density also affect the densification (Fig. 9d), crystallized frac-
tion (Fig. 7a) and grain size (Fig. 6 and Fig. 8c) of the samples, which can 
rationalize the behavior observed in the total ionic conductivity. How-
ever, the samples with the highest current density for each holding time 

Fig. 9. a) Total ionic conductivity at room temperature of Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass-ceramic samples flash sinter-crystallized with current ramp control 
(CRFS) and conventionally sinter-crystallized (CS) samples, b) Arrhenius plot of total (bulk and grain boundary) ionic conductivity of CRFS glass-ceramics with 30 
min holding time at the flash state (dashed lines represent the linear fit of the data with R2 ≥0.998), c) room temperature impedance data (Nyquist plot) for the CRFS 
sample using 120 min holding time and 40 mA mm− 2 (fitted using Zview and the represented equivalent electric circuit), and d) relative density of the LAGP glass- 
ceramic as a function of maximum current density. The CRFS superscript refers to the holding time (e.g., 120CRFS is the sample subjected to 120 min holding time). 
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(120CRFS50, 
30CRFS60, and 0.3CRFS80) showed a decrease in their ionic 

conductivity, which is not related to their apparent density and grain 
size. We suggest that, in these cases, the decrease in ionic conductivity 
can be explained by a local melting of the material, as previously dis-
cussed (see Figs. 6 and S2, S3, and S4). It is worth noticing that the ionic 
conductivity at room temperature of the glassy phase is several orders of 
magnitude lower than that of the crystallized phase (10− 9 S cm− 1 [13] 
and 10− 4 S cm− 1, respectively). 

Therefore, samples with an intermediate current density and longer 
holding times (e.g., 120CRFS40 and 30CRFS50) achieved higher ionic 
conductivity because crystal growth was favored and the melting point 
was avoided, resulting in larger grain sizes and more homogeneous 
microstructures. In the case of a shorter holding time (20 s), higher 
current densities favored ionic conductivity. This behavior can be 
explained by the increase in crystallinity and apparent density. 

Table 2 presents the activation energy (Ea) and pre-exponential 
factor (σ0) values of the ionic conductivity for the grain (bulk) and 
grain boundaries calculated for samples with 30 min holding time and 
the conventionally heated sample by Eq. (3): 

σtotal = σ0e

(

− Ea
kT

)

, (3)  

where σtotal is the total ionic conductivity, k is the Boltzmann constant, 
and T is the absolute temperature. 

The total activation energy (0.38 ± 0.01 eV) was similar for all 
conditions, even for the sample prepared by conventional heating. This 
activation energy is consistent with Li-ion conduction for the same 
material described in detail in refs. [65,66] and other experimental re-
sults [14,67]. 

4. Conclusion 

We proposed Flash Sinter-crystallization, a new method derived from 
flash sintering to concurrently sinter and crystallize LAGP glasses to 
obtain glass-ceramics in a few seconds using an electric field and Joule 
heating as the primary energy sources. A processing map varying the 
maximum current density and the processing holding time was shown 
for the LAGP-0.05Li2O system. The results showed that the electric 
current density and its holding time influence the microstructure, 
crystallization kinetics, and ionic conductivity of the material. In sum-
mary, a holding time of 30 min and a current density of 50 mA mm− 2 

were optimal to achieve high ionic conductivity (2.26 10− 4 S cm− 1), 
which was higher than that of the sample conventionally heated for 12 h 
(1.36 10− 4 S cm− 1). 
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