Low-temperature formation of eutectic structures by reactive
flash sintering of Al,0,-Y,0; composites

Shu Yao"™’, Xiang Xu"?, Liying Chen", Dianguang Liu’, Yongsheng Liu*, Ke Ren’, Yiguang Wangs,
Jinling Liu"*

Yao S, Xu X, Chen L, etal. J Adv Ceram 2026, 15(4): 9221268. https://doi.org/10.26599/JAC.2026.9221268

Reactive flash sintering (RFS) has garnered significant 1800

interest because of the simultaneous synthesis/reaction and sintering < G 1000 V/em
of multicomponent ceramic materials. While electric fields I 1600 32 %
demonstrably accelerate reaction kinetics during RFS, the reciprocal L ﬂl 51400} €

effect of reactions on flash sintering (FS) remains unknown. In this ALD, VAG 51200_

study, the role of the solid-state reaction in the onset of FS was £ _

investigated using Al,0;-Y,0; and Al,05-Y;Al:0;, (YAG) as models. The | [° < =1000} e e

results show that the onset temperature of FS of ALOs-Y,05is 350 °C | T £ ool

lower than that of ALO;-YAG under a constant electric field of R o

1000 V/cm. This demonstrates that the solid-state reaction significantly ALO,-Y,0, 600 Withoutlreaction With rleaction

reduces the onset temperature, likely by enhancing the electrical
conductivity of the sample. Remarkably, Al,O;-YAG ceramic
composites with fine eutectic structures were prepared by RFS-ed Al,05-Y,0; at a furnace temperature of 850 °C, which is far below
the eutectic temperature. The resultant eutectic ceramics exhibited mechanical properties comparable to those of conventionally
solidified counterparts. RFS is expected to be an energy-efficient and sustainable sintering technology to fabricate high-
performance eutectic ceramics.
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ceramics requires a temperature above 1450 °C for several hours.
Consequently, the advantages of high efficiency and low energy
consumption enable ES to be applied in various ceramic materials

1 Introduction

Gaining high-density bulk multiphase ceramics via conventional

sintering requires a long processing time at high temperature due
to the low self-diffusion coefficient [1,2]. It not only imposes high
demands on high-temperature equipment but also limits the large-
scale industrialization of ceramic materials because of the high
energy consumption over a long period of time. Consequently,
developing novel sintering technology to fabricate multiphase
ceramics with high performance under low temperatures and
short sintering times has emerged as a critical objective in the field
of ceramic manufacturing.

Flash sintering (FS) is a novel electric field-assisted sintering
technique that enables ultrafast densification of ceramic materials
at a furnace temperature far below the temperature required for
conventional sintering [3]. For example, 3 mol% yttria-stabilized
zirconia (3YSZ) ceramics can be densified in less than 5 s at a
furnace temperature of 850 °C using a direct current (DC) electric
field of 120 V/cm [3]. In contrast, conventional sintering of 3YSZ

[4-10]. Based on the unique characteristic of low-temperature
rapid mass transport of FS, researchers have further extended the
application of FS, such as flash joining, rapid synthesis, plastic
forming, and microstructure tailoring [11,12]. In 2016, Liu et al.
[13] found that Y atoms can be incorporated into the lattice of
monoclinic zirconia (m-ZrO,) within 10 s to form tetragonal
zirconia (t-ZrO,) in the FS of Y,05-doped pure m-ZrO,. Shortly
thereafter, Jha et al. [14] reported similar results in the
alumina-titania ~ (ALO;-TiO,)  system. These findings
demonstrate that the phase transformation in reactive multiphase
ceramics can be accelerated by the electric field, implying an
electric-field-driven cationic migration during FS. Building on this
discovery, a derived technique known as reactive flash
sintering/reaction-assisted flash sintering (RFS) was developed to
synthesize ceramic materials with complex compositions [15,16].
The term RFS was first proposed in 2018 [15] and has attracted
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significant interest owing to the realization of simultaneous
chemical reactions and sintering of multiphase ceramics. Akin to
ES, RES possesses the advantages of low sintering temperature and
short sintering time, without complex equipment. Most
importantly, compared with conventional methods, the chemical
reaction of precursors and sintering of ceramics are completed in
one step during RFS [16-18]. These characteristics indicate that
RES is a more energy-efficient technology for the preparation of
multiphase materials. To date, many RFS-ed materials have been
reported, such as oxide ceramics [19-21], Li-ion conductors
[22,23], and high-entropy ceramics [24,25]. RFS has certainly
broadened the potential application of FS and has shown great
advantages in screening novel materials, especially high-entropy
ceramics. It is widely suggested that the solid-state reaction can be
accelerated by applying an electric field [17]. Nevertheless, most
RFS studies are dedicated to the preparation of materials and the
optimization of flash parameters [26,27]. To the best of our
knowledge, no prior studies have investigated the influence of
solid-state reactions on the flash temperature of RFS, which is
essential for a fundamental understanding of RFS.

In 2013, Zapata-Solvas et al. [6] added small amounts of
ALO5/Y,0; into a SiC matrix and performed FS experiments.
Their results indicate that the densification of SiC ceramics is
promoted with the assistance of sintering aids during the FS
process. Most importantly, they found that the onset temperature
of FS of ALO,/Y,0;-doped SiC is lower than that of pure SiC. The
addition of ALO,/Y,0; enhanced the conductivity of the SiC
matrix, reducing the onset temperature of FS. Recently, Zhang
et al. [16] found that the reaction and densification of ALO;-Y,0;
can be completed via RFS at 1350 °C for 30 s, whereas the
preparation of dense ALO;-YAG ceramic composites by hot
pressing sintering requires 1600 °C for 2 h [28]. Their results
further prove that the reaction is accelerated under the effect of a
high electric field. However, the role of the solid-state reaction
(ALO; + Y,0; > YAG) on the onset of FS is still poorly
investigated, which may be helpful in revealing the underlying
mechanisms of RFS.

In this study, ALLO;-Y,0; and ALO;-YAG green bodies with a
eutectic molar ratio were used to explore the effect of the solid-
state reaction on the FS process. The results show that the onset
temperature is greatly reduced due to the solid-state reaction.
Furthermore, in our previous study [29], an ALO;-YAG eutectic
ceramic was obtained by flash sintering ALO;-YAG composites at
a furnace temperature of 1350 °C. Here, Al,O;~YAG eutectic

ceramic can be directly prepared by RFS-ed ALO;-Y,0; at a low
furnace temperature of 850 °C, which is far below the eutectic
temperature (1820 °C).

2 Materials and methods

2.1 Preparation of green bodies

The raw materials used in this study were Y,0; (99.99%, 30 nm),
a-ALO; (99.99%, 170 nm), YAG (99.95%, 500 nm), and YAG
(99.99%, 1-3 pm) powders. First, a-ALO; and Y,0;, in a eutectic
molar ratio of 80.8 : 19.2, were uniformly mixed in deionized
water for 50 h by using a powder mixer at 90 r/min. Then, the
slurry was baked at 80 °C for 24 h using an oven. The resulting
powder was ground and uniaxially pressed at 200 MPa to obtain
dog-bone-shaped green bodies. The green bodies were then
presintered from room temperature to 800 °C at a ramp rate of
2 °C/min and dwelled for 2 h. Finally, two holes, with a diameter
of 1.60+0.01 mm, were drilled on both ends of the dog-bone green
bodies to connect with Pt wires. The measured gauge section of
the sample was 9.80 mm x 2.85 mm x 1.40 mm. In addition, pure
ALO;, Y,0; and YAG green bodies were also prepared by
pressing at 200 MPa.

For comparison, three types of ALO;-YAG green bodies were
prepared: (i) AY-1 was obtained from Al,0;-Y,0; green bodies
under calcination at 1350 °C for 10 min; (ii) AY-2 was obtained
from a-ALO; and YAG (1-3 pm) with a eutectic molar ratio of
79.2 : 20.8; and (iii) AY-3 was obtained from a-ALO; and YAG
(500 nm) with a eutectic molar ratio of 79.2 : 20.8. The
preparation process of AY-2 and AY-3 was the same as that of the
ALO;-Y,0; green bodies. The relative density of all green bodies
was approximately 53%-56%, and the microstructures of the
ALO;-Y,0;, AY-1, AY-2, and AY-3 green bodies are presented in
Fig. 1.

2.2 Flash-sintering experiments

The FS experiments were operated in a modified box furnace. The
green bodies were placed in the center of the furnace via high-
purity Pt wires and heated to a fixed temperature (T}) at a rate of
10 °C/min. A constant electric field of 1000 V/cm via a DC power
supply (APS DCP1200V-1A, Adaptive Power System, USA) was
applied to the green bodies after maintaining for 10 min at T}
Judging the occurrence of FS according to the change in current
determined the onset temperature under a constant electric field
0f 1000 V/cm.
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Furthermore, other FS experiments for pure AL,O;, Y,0;, YAG,
and ALO;-YAG were designed. A constant electric field of
1000 V/cm was applied to the green bodies at room temperature
via a DC power supply, and the green bodies were heated at a rate
of 10 °C/min until the occurrence of FS. The current density
rapidly reached the preset value of 20 mA/mmny’, and then the
power supply transitioned from voltage control to current control
mode. The furnace temperature at which the FS occurred in these
experiments was named the flash temperature.

2.3 Sample characterization

The relative density of the samples was measured by Archimedes’
method with deionized water as the medium. The theoretical
densities of ALO;, Y,03, and YAG are 3.99, 5.01, and 4.55 g/cn’,
respectively. The phase compositions of the samples were
determined using an X-ray diffractometer (XRD; PANalytical
Empyrean, Netherlands) with a Cu Ka radiation source (A =
1.54 A). The microstructure of the samples was observed using a
field-emission scanning electron microscope (FESEM; Sigma 500,
ZEISS, Germany). The element analysis was performed via an
energy dispersive spectrometer (EDS; OXFORD X-Max 80, UK).
The Vickers hardness and fracture toughness were measured
using a Vickers hardness tester (200HV-5, Laizhou Huayin Test
Instrument Co., Ltd., China) on the polished surface under an
indentation load of 9.8 N for 15 s. At least 10 measurements were
collected on each sample to obtain a reliable set of data.

3 Results and discussion

3.1 Reduction of onset temperature due to solid-state
reaction

Figure 2 shows the XRD patterns for ALO;-Y,0; green bodies
calcined at different temperatures. After calcining at 850 °C for
10 min, the Al,0;-Y,0; green bodies are still composed of Al,O,
and Y,0; without any additional phase. This indicates that the
reaction of ALO; + Y,0; > YAG has not yet begun at this
temperature. Furthermore, the formation of intermediate phases
Y,ALO, (YAM) and YAIO; (YAP) with increasing temperature

9221268-3

indicates that the reaction has initiated. Finally, the compositions
of green bodies are transformed to ALO; and YAG under
calcination at 1350 °C for 10 min. This indicates that the reaction
has finished under these conditions.

Figure 3(a) depicts the plot of current density as a function of
temperature for pure AL,O; under a constant electric field of
1000 V/cm with a current limit of 20 mA/mm? There is a weak
current after the furnace temperature rises to 1700 °C, but no
conductivity surge finally occurs. This indicates that pure Al,O; is
difficult to flash due to the high electrical resistivity [30,31]. In fact,
the flash temperature of FS of MgO-doped AL, O; is also as high as
1260 °C under the same electric field (Table 1) [30].

Recent research shows that the flash temperature of FS of pure
Y,0; is approximately 985 °C under 1000 V/cm [7]. In this study,
the flash temperature of FS of pure Y,0O; is 933 °C under the same
electric field (Table 1). Figure 3(b) presents the plots of current
density as a function of time for pure Y,O; at different furnace
temperatures under 1000 V/cm. When the furnace temperature is
850 °C, no current surge is observed. This indicates that this
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Fig.2 (a) XRD patterns for ALO;-Y,0; green bodies calcined at different
temperatures. Note that YAM and YAP denote Y,AL O, and YAIO;, respectively.
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Fig.3 Plots of current density as a function of temperature for (a) pure ALO; and as a function of time for (b) pure Y,0s, (c) ALO;-Y,0s, (d) AY-1, (¢) AY-2, and

() AY-3.
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temperature is not sufficient to ignite the FS of pure Y,O;.
Furthermore, a typical characteristic of FS is presented in Fig. 3(b)
when the furnace temperature is set to 900 °C [5]. After a period
of incubation, the current rapidly reaches the peak value and then
drops to the preset value. Hence, it can be concluded that the
onset temperature of pure Y,O; is 900 °C under 1000 V/cm.
When the furnace temperature increases from 900 to 1000 °C, the
incubation time is significantly shortened (Fig. 3(b)), which is
similar to previous studies [5].

Figure 3(c) shows the plot of current density as a function of
time for AL,O5-Y,0; at fixed furnace temperatures. Pure AL,O; or
Y,O; cannot be flash sintered at 850 °C under 1000 V/cm, but the
ALO;-Y,0; mixtures can flash under these conditions. This result
is obviously different from the FS of the Al,O0,/YSZ composite; the
onset temperature of the ALO,/YSZ composite is between that of
YSZ and pure ALO; under a constant electric field [32,33].
Furthermore, three types of AL,O;-YAG green bodies were
chosen to perform FS experiments. Figures 3(d)-3(f) show the
plots of current density as a function of time for AY-1, AY-2, and
AY-3, respectively. The onset temperatures of AY-1, AY-2, and
AY-3 are 1300, 1200, and 1200 °C, respectively, which are much
higher than that of Al,0;-Y,0; under the same electric field. It is
supposed that the higher onset temperature of Al,O;-YAG than
that of ALO;-Y,0; is due to the absence of a solid-state
reaction [16].

Figure 4 presents the phase varying with time in the flash stage
of ALO;-Y,0; in Fig. 3(c). Clearly, the solid-state reaction of
ALO5;-Y,0; was completed in the flash stage (point 4), which is
similar to the result reported by Avila et al. [34]. Hence, it can be
concluded that (i) the electric field accelerates the reaction rate
[17], and (ii) the solid-state reaction may have some positive
effects on the onset of FS. The reaction between ALO; and Y,0,
which is absent at 850 °C, is initiated and significantly accelerated
under an electric field of 1000 V/cm. This electric-field-driven
rapid reaction may enhance local electrical conductivity through
the release of heat. On the other hand, the reaction process can
generate a high concentration of point defects, further increasing
the sample conductivity. The increase in the overall sample
conductivity subsequently led to a reduction in the onset
temperature of FS of Al,0;-Y,0;. Combined with these results,
we propose that the reduction in the onset temperature of
ALO;-Y,0; is related to the solid-state reaction between ALO;
and Y,0;. That is, the reaction of ALO; + Y,0; > YAG can
promote the onset of FS.
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Fig.4 XRD patterns of RFS-ed AL,O;-Y,0; at different stages in Fig. 3(c).
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3.2 Effect of interfaces on onset of flash sintering

Two key observations are evident from Table 1: (1) Pure ALO; or
YAG is difficult to flash, whereas the ALO;-YAG composites
(AY-1, AY-2, and AY-3) can be flashed at lower temperatures, and
(2) the onset temperature of AY-1 is 100 °C higher than AY-2 and
AY-3 under the same electric field. A similar phenomenon was
observed by Yang et al. [35] in ALO;-LaPO, systems, which they
attributed primarily to the heterointerfaces in the multiphase
system. It is well established that electrical conductivity plays a
decisive role in triggering the onset of FS [36]. Thus, the high
resistivity of both ALO; and LaPO, makes them difficult to flash.
However, when the two are mixed, the resistance of the grain
boundaries between the phases may be smaller than the resistance
of the crystal matrix. Under the combined effects of the electric
field and elevated temperature, current preferentially flows
through the grain boundaries, leading to localized Joule heating.
This will further reduce the resistance and ultimately trigger
FS [37].

Furthermore, the AL,O;-~YAG green bodies used here were
primarily prepared via two routes: high-temperature reaction
(AY-1) and mechanical mixing (AY-2 and AY-3). Figure 1
presents the microstructure of the green bodies obtained by these
two methods, along with the contact characteristics between the
particles. The interfacial contact between ALO; and YAG differs
significantly between these two types. For AY-1, Y,O; particles
dissolve into part of the ALO; particles under a high-temperature
condition. The interfaces of ALO,/YAG are formed through atom
rearrangement at the atomic scale. Thus, the interfacial bonding of
ALO5/YAG is a chemical bonding. In contrast, AY-2 and AY-3,
prepared by mechanical mixing, exhibit physical contact between
AlLO; and YAG particles. The ALO5/YAG interface in AY-1 is
formed through high-temperature diffusion, which is
thermodynamically more stable and possesses a lower intrinsic
point defect concentration. The ALO/YAG interfaces in AY-2
and AY-3 are in a higher energy state, which may facilitate the
generation of structural defects under the effect of a high electric
field. Consequently, AY-1 requires higher furnace temperatures to
initiate FS, as shown in Table 1. Moreover, the particle size,
powder dispersion, and neck growth also have significant effects
on the FS behaviors [19,38,39]. Hence, the effect of the
connectivity of particles on the onset of FS in multiphase ceramics
needs further investigation.

3.3 Effect of temperature and electric field on solid-state
reaction
Previous literature has confirmed that the diffusion of Y** can be

Table1 Electric field and temperature required for FS of different ceramics

Material Applied electric teml;}:rsilture Onset temperature
field (V/cm) o (°0)
(°0)
MgO-doped AL, O, 1000 1260 B
(30]
Y,05[7] 1000 985 —
AlLO, 1000 — —
Y,0; 1000 933 900
YAG 1000 1507 —
ALO;-Y,0, 1000 - 850
AY-1 1000 1478 1300
AY-2 1000 1422 1200
AY-3 1000 1442 1200

J Adv Ceram 2026, 15(4): 9221268
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driven into Al,O; to form metastable phases, such as YAM and
YAP. As the temperature increases, the solid-phase reactions
between Al,O; and Y,O; are given by Reactions (1)-(3) [40]:

2Y203 + A1203 = Y4A1209 (900 —_ 1000 OC) (1)
Y4A1209 + A1203 = 4YA103 (1100 - 1250 OC) (2)

3YA103 + A1203 == Y3A15012 (1400 - 1600 OC) (3)

As shown in Fig. 2, the reaction of ALO; and Y,0; begins to
take place to form small amounts of YAM as the temperature
increases from 850 to 900 °C. When the temperature further
increases to 1000 °C, the continuous reaction between Al,O; and
Y,0; produces a large number of YAM, leading to a drastic
decrease in the Y,0; content. When the temperature increases to
1200 °C, the YAM in the sample disappears. The sample is mainly
composed of AL,O;, YAG, and a small amount of YAP. Until the
temperature is increased to 1350 °C, YAP is thoroughly consumed
through the reaction, and the ALO;-Y,O; is completely
transformed into ALO; and YAG. The relationship between
temperature and phase transformation is generally consistent with
the results reported in the literature [40]. The synthesis of the
YAG phase via conventional sintering requires maintaining
temperatures above 1600 °C for a long time [41]. However, the
phase transformation temperature of YAG in conventional
sintering in the present study is much lower than 1600 °C. This is
because the phase transformation is not only temperature
dependent but also related to the particle size, mixing
homogeneity of powders, and powder activity [41].

The XRD patterns of different positions for RFS-ed
ALO;-Y,0; are shown in Fig. 5. ALO;-Y,0; is completely
transformed into Al,O; and YAG phases without any metastable
phases. This indicates that the reaction is ended at a furnace
temperature of 850 °C via RFS. The furnace temperature and
reaction rate of RFS are much lower than those of conventional
sintering [41]. As shown in Fig. 4, the solid-state reaction was
completed during the flash stage. Throughout this process, the
current passing through the sample gradually increased. The
resulting Joule heating elevated the sample temperature above the
furnace temperature. The atomic diffusion was promoted under
high-temperature condition. However, the solid-state reaction was
completed within seconds after applying a high electric field. The
ultrafast reaction rate cannot be explained solely by Joule heating.

Furthermore, the interdiffusion of particles was accelerated due
to the effect of the high electric field and temperature, and
thereafter promoted the solid-state reaction. This process may be
related to the formation of point defects induced by the electric
field [17]. Akin to the FS of 3YSZ, the defect reaction (Reaction (4))
is presumed when a high electric field is applied to Y,0; at high
temperature [42]:

o = %oz SV +2¢ 4)

During the incubation stage of FS, a high concentration of
oxygen vacancies and electrons might be generated and
incorporated into the sample. These point defects can act as
charge carriers in samples. The electric field further promotes the
migration of these charge carriers, thereby reducing the
activation energy for atomic diffusion [43]. Therefore, it can be
concluded that the ultrafast reaction rate results from the
synergistic interaction between Joule heating and the electric
field [17,21,23,24].
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3.4 Formation of eutectic structures at low temperature

In our previous study [29], we successfully fabricated ALO,-YAG
eutectic ceramics by FS in less than 150 s at a furnace temperature
of 1350 °C using ALO;-YAG green bodies. Remarkably, similar
eutectic structures were obtained in this study. It is noteworthy
that the RFS-ed sample density attained only ~80%. This outcome
can be attributed to two primary factors. First, the FS parameters
used in this work were not optimized to achieve full densification.
Second, density inhomogeneity is a common characteristic due to
current localization in the FS process. While these factors led to a
moderately low sample density, the microstructure in local regions
of the samples remained dense. SEM images reveal that the
samples mainly show two different microstructures: ALO;-YAG
polycrystalline and ALO;-YAG eutectic structures, as shown in
Fig. 6. Combined with Fig. 7, the black phase corresponds to
Al Os, and the gray phase corresponds to YAG. Both phases with
irregular morphology are evenly distributed together, presenting a
typical Al,O;~YAG ceramic composite (Fig. 6(a)). Notably, the
furnace temperature for the preparation of the ALO;-YAG
ceramic composite via RFS of Al,05-Y,0; is 500 °C lower than
that in our previous study [16]. This furnace temperature is also
much lower than the temperature required for ALO;-YAG
ceramic composites prepared by conventional sintering [28]. The
results indicate that the rapid mass transport of oxide ceramic
composites can be achieved in a short time at a lower temperature
via RFS.

Figure 6(b) exhibits a typical A,O;-YAG eutectic structure
with two alternating phase layers [44], the so-called Chinese script
structure. Similar structures have been reported in the FS of other
eutectic systems [35,45-47]. The morphology of the eutectic
structure at different positions on the samples is shown in Fig. 8.
The microstructure along the anode to the cathode is uneven. The
eutectic near the anode and center mainly presents a Chinese
script structure, while the eutectic near the cathode presents a
typical colony structure. Additionally, the thickness of the eutectic
layers is different at different positions. Compared with eutectic
layers near the anode, there appears to be significant structure
refinement for eutectic layers near the cathode and center. Liu
et al. [48] found that the sample temperature of 8YSZ during FS
presented an asymmetric distribution due to the electrochemical
reaction. This suggests that the inhomogeneity of eutectic
structures may be related to the uneven temperature distribution
and internal reaction inside the sample during FS [49].

It is well known that the formation of eutectic structures usually

FS—850 °C—1000 V/cm—20 mA/mm’-30 s @ AIZO3
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’;- *
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Fig.5 XRD patterns of RFS-ed AL,O;-Y,0; for different positions on sample.
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Fig.7 EDS elemental mapping of different eutectic layers.

requires heating the green body above the eutectic temperature,
and eutectic structures are formed by the solidification of the melt
as it cools [50]. In fact, due to the Joule heating derived from the
preset current, the sample temperature during FS is higher than
the furnace temperature [51]. Furthermore, the current
localization and the formation of hot spots are the main
drawbacks in FS. These adverse effects will result in undesired
sintering (melting, cracking, and inhomogeneous microstructure)
of samples after FS treatment [8,11,39,52]. Hence, it is important
to evaluate the sample temperature during RFS to determine the
role of temperature in the formation of eutectic structures.

The sample temperature is mainly evaluated by two methods:
observation by the thermal imaging camera and calculation by the
black-body radiation model [51]. For example, Aoki et al. [46]
observed the sample temperature evolution of ALO;-GdAlO;
composites by a thermal imaging camera during FS. They found
that the highest sample temperature (~1750 °C) exceeds the
eutectic temperature (1740 °C) in the stable stage of FS, resulting
in the formation of Al,O;-~GdAIO; eutectic structures. Similarly,
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Yang et al [35] calculated the sample temperature of
AlLO;-LaPO, composites in the stable stage of FS using the black-
body radiation model. They also attributed the formation of
AL O;-LaPO, eutectic structures to the sample temperature
exceeding the eutectic temperature. Based on these results, most
researchers believe that the formation of eutectic structures is
related to local melting due to current localization [35,45,46,53].

In the FS process, the sample temperature is determined by the
furnace temperature and power dissipation. To weaken the
influence of temperature on the formation of eutectic structures, a
furnace temperature of 850 °C is chosen in this study, which is far
lower than those studies relating to the formation of eutectic
structures via FS [29,354546]. In addition, to avoid the
tremendous Joule heating induced by the current leading to
melting or sample damage, we used a low current density
(20 mA/mm’) as the preset current limit. Most importantly, no
significant current peak or only a relatively small current peak is
generated in the flash stage of the low-current FS (Fig. 3(c)), which
is favorable for the elimination of hot spots and melting. The
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O e = Q| +
Center Near anode

Near cathode

sample temperature during FS was estimated by using the black-
body radiation model, as given by Eq. (5) [51]:

w o\ V4
T. = (T;} + Tw) (5)

where T, is the actual temperature of the samples (K); Tt is
the furnace temperature (K); W is the power dissipation of the
stable state (W); A is the surface area of the gauge section of the
samples (m?); o represents the Stefan-Boltzmann constant
(5.67x10°* W-m™K™); ¢ is the emissivity. Herein, the sample
temperature of the RFS-ed sample was estimated to be 1138-
1490 °C (e is assumed to be 0.8-1) via the black-body radiation
model, which is much lower than the eutectic temperature of the
ALO;-YAG eutectic system [54]. Large areas of eutectic structures
can be produced in the presence of a relatively weak Joule heating
effect, implying that local melting may not be able to reveal the
mechanism for the formation of Al,O;-YAG eutectic structures.
However, it is important to note that the black-body radiation
model is idealized [51]. Its temperature estimation is influenced by
current localization, often resulting in predicted values lower than
the actual sample temperature. Additionally, the emissivity of
ALO; is 047 [55], while a definitive value for YAG is not
established. If a uniform emissivity of 0.47 is assumed for the
ALO;-YAG composite, the estimated temperature based on the
black-body radiation model can exceed 2700 °C, which is far
above the eutectic temperature. Consequently, temperatures
calculated from this model should be treated as approximate
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references. Developing more accurate measurement techniques
remains a critical challenge in the field of FS for preparing eutectic
ceramics.

Furthermore, according to several studies [42,56—58], high-
concentration defects, such as oxygen vacancies and dislocations,
will be introduced into the samples, which may change the
mechanisms of mass transport during the FS process. It is
speculated that the formation of eutectic structures has been
achieved under a solid-state process due to the effect of the electric
field, and the role of Joule heating and the electric field in the
formation of eutectic structures needs to be further scrutinized.

3.5 Mechanical properties of eutectic ceramics

Generally, oxide eutectic ceramics exhibit superior mechanical
properties to composite ceramics with the same component due
to their unique microstructure. For instance, the hardness and
fracture toughness of FS-ed ALO;-YAG composite ceramics are
13.4+0.2 GPa and 4.840.1 MPa-m™, respectively [16]. However,
the hardness and fracture toughness of FS-ed ALO;-YAG eutectic
ceramics with the same mixing ratios reach 18.5+0.3 GPa and
4.3+0.2 MPa-m' [29]. While eutectic ceramics exhibit comparable
toughness to composite ceramics, their hardness is significantly
greater. This suggests that eutectic ceramics have superior wear
resistance compared with composite ceramics. Furthermore,
Yang et al. [59] systematically investigated the Vickers and
Knoop hardness of ALO;-LaPO, composites with eutectic
microstructures prepared by FS. Their results also indicate that the
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eutectic structures exhibit higher hardness values than their
polycrystalline counterparts.

The Vickers hardness and fracture toughness of eutectic
ceramics are measured by the indentation technique. The average
hardness of RFS-ed ALO;-YAG eutectic ceramics was
approximately 15.4+0.2 GPa, which was comparable to that of
conventionally solidified counterparts [44,60—64], as shown in
Table 2. The average toughness of the eutectic ceramics reached
3.140.2 MPa-m", which was significantly higher than that of the
directionally solidified Al,O;-YAG eutectic ceramics (Table 2).

Driven by synergistic electric-thermal effects, the RFS process
produces clean, strongly bonded ALO,/YAG interfaces with
minimal impurity segregation. These fine lamellar structures and
the associated interfacial characteristics intrinsically enhance the
mechanical properties of the eutectic ceramics. A typical
indentation of ALLO;~YAG eutectic ceramics is shown in Fig. 9(a).
The relatively high hardness is mainly ascribed to the refinement
of the eutectic structure, where more interfaces act as dislocation
obstacles to strengthen the eutectics [62]. Furthermore, when the
crack forms and propagates through the fine and alternating two-
phase structure, the crack can preferentially deflect along the well-
bonded interphase boundaries. Figure 9(b) presents the
interaction between the crack path and the eutectic phase
interfaces. The superior toughness of RFS-ed eutectic ceramics is
ascribed to toughening mechanisms such as crack deflection and
crack bridging. The deflection and bridging can consume more
fracture energy and prolong the crack propagation path, which
improves the toughness of eutectic ceramics.

Notably, the hardness and toughness of RFS-ed ALO;-YAG
eutectic ceramics are lower than 17.5+2.0 GPa and 3.6+0.4
MPa-m" reported by Su et al. [62]. This is mainly because the
interface spacing of the directionally solidified ALO;-YAG
eutectic is finer than that of the RFS-ed eutectic ceramics,
endowing the eutectic ceramics with excellent mechanical
properties. However, the sintering time of RFS is only 30 s.
Liu et al. [29] found that eutectic structures continue to evolve
during the stable stage of FS. Hence, the short sintering time may
lead to weak bonding at the eutectic interfaces, thus negatively
affecting the hardness of eutectic ceramics. In a word, RFS realized
ultrafast and low-temperature preparation of ALO;~YAG eutectic
ceramics with mechanical properties comparable to directionally
solidified eutectic ceramics. The above results indicate that RFS is
expected to be a new technology for the preparation of eutectic
ceramics with fine structures, and the process does not require
complex devices and high energy consumption.

4 Conclusions

In summary, this study systematically investigated the influence of
the solid-state reaction (ALO; + Y,0; > YAG) on the onset of FS.

Table2 Vickers hardness and fracture toughness of ALO;-YAG eutectic
ceramics prepared by RFS and other technologies

Ref. Vickers hardness ~ Fracture toughness ~ Testing
(GPa) (MPa-m'?) method
Present work 15.40+0.20 3.10+0.20 IM*
[44] 16.10 2.01 IM
[60] 15.00-16.00 2.00-2.40 M
[61] 16.04+0.75 2.69+0.06 M
[62] 17.50+2.00 3.60+0.40 M
[63] 15.50+0.20 2.60+0.20 M
[64] 13.50 3.10+0.30 M

Note: * is an indentation method.
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Fig.9 (a) Vickers indentation and (b) crack propagation path of ALO;-YAG
eutectic ceramics.

Ultrafast reaction and densification of ALO;-Y,0O; were achieved
via RFS. The key findings are as follows:

(1) Compared with conventional sintering, RES of Al,0,-Y,0;
enabled an ultrafast reaction and rapid mass transport at a low
temperature of 850 °C. The results demonstrate that the solid-state
reaction of AL O;-Y,0; is accelerated by applying an electric field.
Most importantly, the reaction promotes the occurrence of FS,
and the onset temperature is greatly reduced. Under a constant
electric field, the onset temperature of FS of ALO;-Y,0; is 350 °C
lower than that of Al,O;—YAG. The solid-state reaction lowers the
onset temperature, likely because the electric-field-driven process
enhances the sample conductivity.

(2) The characteristics of AL,O;/YAG interfaces formed via
different processing routes influence the temperature required for
FS. Chemically bonded interfaces synthesized through high-
temperature reactions are thermodynamically more stable,
whereas physically contacted interfaces created by mechanical
mixing exist in a higher energy state. Consequently, under a
constant electric field, the latter enables FS to occur at a lower
temperature.

(3) ALOs-YAG ceramic composites with large-area fine
eutectic structures are prepared by RES-ed ALO,-Y,O; at a
furnace temperature far below the eutectic temperature in a short
time. These results suggest that RES is a more energy-efficient
sintering technology and opens a new avenue to fabricate high-
performance eutectic ceramics.
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