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Abstract
YBa2Cu3O7-x (YBCO) is a kind of high-temperature superconducting material that has important application in information, 
energy, medical treatment, etc., and the superconducting properties of YBCO are closely related to its internal microstructure. 
In this study, the microwave heating method was adopted to prepare the YBCO materials. The internal 3D online evolution 
observation based on the synchrotron radiation computed tomography technology shows that there was directional grain 
growth phenomenon of YBCO during microwave sintering process. In local regions with special microstructure, these par-
ticles grew to the same point. Here, the theoretical models of single and multiple particles in the microwave electromagnetic 
fields were established. Based on these theoretical models and finite element analysis, it shows that the YBCO particles 
can modulate the distribution of electromagnetic fields, resulting in the significantly higher electric field intensity at the 
particle junctions than other regions. Moreover, there were very high electric field intensity and temperature gradients in 
the directions of particle growth. These factors were crucial in directional sintering. These results will provide theoretical 
basis and technical guidance for the controllable preparation and performance optimization of the internal microstructure 
of superconducting materials in the preparation process.
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1 Introduction

YBa2Cu3O7-x (YBCO) is a kind of high-temperature super-
conducting material with zero resistance and complete dia-
magnetism in superconducting state, which is widely used in 
information, energy, medical treatment, transportation and 
other fields [1–3]. Solid-phase sintering is widely used in 
the preparation of YBCO, which takes  BaCO3,  Y2O3 and 
CuO powder as raw materials, through several processes 
such as mixing, calcination, grinding and sintering [4, 5]. 
The traditional sintering method is simple to operate, but 
the long time and high temperature of sintering process 
easily result in polycrystalline structure with large-angle 
grain boundaries [6]. The morphology, phase composition 
and grain orientation of YBCO have important effects on 
its superconducting properties [7–9]. Therefore, a new fab-
rication method to save energy, shorten time consumption 
and improve the superconducting performance of YBCO 
should be proposed.

Compared with traditional sintering, microwave sintering 
technology can reduce the sintering time and temperature, 
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save energy and improve material properties [10, 11]. Micro-
wave sintering is a method of densification by using the 
coupling of the special wave band of microwave and the 
basic fine structure of the material to generate heat, and the 
dielectric loss of the material in the electromagnetic field to 
heat the whole material to the sintering temperature [12, 13]. 
The microwave electromagnetic field makes the activation 
energy of sintering decrease and the diffusion coefficient of 
the material increase. Orlik et al. [14] confirmed that the 
microwave can reduce the preparation time from 12.5 to 
1.5 h by using microwave sintering of barium titanate doped 
with calcium and zirconium. Compared with the traditional 
sintering of submicronic aluminum, the preparation time of 
microwave sintering is reduced from 180 to 60 min, and the 
grain size is reduced from 3.6 to 2.4 μm [15]. During micro-
wave sintering, the material converts electromagnetic energy 
into heat energy. The thermal effect is different due to the 
difference of dielectric loss, morphology and arrangement 
of particles. This can be used to achieve selective sintering 
in space and prepare materials with improved microstruc-
ture and excellent properties [16–18], which indicates that 
the microwave heating may be a good YBCO preparation 
technology, but few studies are carried out in this area. So, 
the interaction mechanism between microwave and YBCO 
materials, and the properties as well as the microwave sinter-
ing mechanisms of YBCO material are still unclear.

Researchers usually observe the microstructure of YBCO 
after sintering by scanning electron microscopy (SEM), 
focusing on grain orientation, cracks and pores. The resolu-
tion of SEM image reaches nanometer level, but only a two-
dimensional cut of the finished product can be obtained. As 
a new type of light source, synchrotron radiation has many 
outstanding advantages, such as high luminance, high pho-
ton flux and high collimation. Synchrotron radiation com-
puted tomography technology (SR-CT) can realize real-time, 
three-dimensional and nondestructive observation of the 

internal microstructure of materials under the action of com-
plex external field [19, 20]. The microstructure evolution of 
materials during microwave sintering can be observed and 
analyzed in the in situ way [21, 22]. In the experiment, some 
special and important evolution phenomena such as the local 
regions of directional sintering of the YBCO particles were 
observed. Through further analysis, it was speculated that 
the growth orientation of particles was closely related to the 
gradient distribution of microwave electromagnetic field. It 
helps us to deeply understand the interaction mechanism 
between microwave electromagnetic field and YBCO and 
realize the rapid preparation of YBCO by microwave sin-
tering. Moreover, this was of great significance for regulat-
ing the microstructure and grain orientation of YBCO and 
improving the superconducting properties of the material.

2  Experimental Methods and Results

2.1  Experimental Apparatus and Methods

This experiment was carried out at the Shanghai synchrotron 
radiation source BL13W1 beam line station. The sintered 
sample was the high-temperature superconductor YBCO 
powders with the particle size of 20–80 μm. The internal 
microstructure evolution of YBCO powders during micro-
wave sintering was observed online. The effective energy 
range of X-rays was 8 to 72 keV, and the X-ray energy was 
selected as 38 keV according to the absorption coefficient 
of YBCO. As shown in Fig. 1, the sample and rotating table 
were placed in a special microwave sintering furnace [23]. 
The sample was put into a quartz tube with a diameter of 
2.5 mm and a height of 30 mm, and they were placed verti-
cally on the microwave sintering cavity [24].

As shown in Fig. 2a, the transmission system avoided the 
damage of the high-temperature microwave environment to 

Fig. 1  SR-CT experimental device diagram of microwave sintering



69In situ SR‑CT Experimental Study on the Directional Sintering of High‑Temperature…

1 3

the rotation displacement system during the experiment [25, 
26]. The sample was placed on a high-temperature ceramic 
burning boat. The transmission shaft was inserted into the 
bottom of the burning boat, and the bottom of the transmis-
sion shaft passed through the coupling. The shaft device 
was connected with the displacement rotation system. In 
the microwave sintering device, the microwave source used 
a microwave generator with a frequency of 2.45 GHz and 
an output power of 0 to 3 kW. A small hole was set on the 
back side of the microwave oven, and an infrared thermom-
eter was placed near this small hole. The measurement area 
of this infrared thermometer covered the upper surface of 
the sample [27]. The temperature measurement range was 
500–2000 °C, and the error was ± 1.4 °C.

Figure 2b shows the single-mode resonant cavity model 
in the microwave sintering experiment. The cavity had a 
light hole at the same position of the cavity on the front and 
back. During the sintering process, the sample rotated at 
a high speed with the rotating table [28]. The synchrotron 
radiation X-ray passed through the sample through the light 
hole, and the CCD camera captured the projected image on 
the other side of the light hole [29]. The projected images of 
the sample were collected in the range of 180° at different 
times, and the projection interval was 1°. The CCD pixels 
were 2048 × 2048, the resolution was 0.33 μm, and the gray-
scale resolution was 16 bits.

The experiment was carried out in an air atmosphere, 
and the sintering temperature was controlled by adjusting 
the microwave power. The YBCO sample was heated from 
25 to 1050 °C. After 1 h and 14 min, the microwave was 
turned off, and then the YBCO sample was naturally cooled 
to 25 °C.

2.2  Microstructure Evolution of YBCO

In order to study the difference of YBCO microstructure 
evolution, the reconstruction algorithm was adopted to 
reconstruct the three-dimensional microscopic morphol-
ogy of the sample at different sintering time [30, 31]. The 
projected image of the YBCO sample was reconstructed by 
the filtered back-projection algorithm to obtain the tomo-
gram of the sample. As shown in Fig. 3, the tomograms 
were assembled into a three-dimensional image using digi-
tal image processing technology.

As shown in Fig. 4, the cross sections of the sample 
were obtained at different time. The white area in the gray 
image represented the powder YBCO particles in the sin-
tered body. The higher the gray level of the image, the 
higher the density of the position. Bright areas with higher 
grayscale represent particles, and dark areas with lower 
grayscale represent pores.

In Fig. 4, the two evolutionary regions were marked in 
rectangular boxes. Figures 5 and 6 show enlarged images 
of locally evolving regions 1 and 2. As it could be seen 
from the evolution diagram of YBCO at different time, 
the special evolution phenomenon of “tip connection” had 
occurred in local regions, and multiple particles were con-
nected at “edges and corners” or “endpoints.”

Figure 5a shows the image of region 1 before sintering. 
There was no sintering neck between particles 1, 2 and 3. 
Figure 5b shows the image of YBCO heated to the maxi-
mum temperature of 1050 °C. The edges and corners of 
particles 1, 2 and 3 were attached to the “tip,” and the “tip” 
was marked with a blue box. Figure 5c shows the image of 

Fig. 2  a Schematic diagram of transmission system, b model of microwave resonator



70 L. Wang et al.

1 3

YBCO cooled to temperature of 25 °C. Particles 1, 2 and 
3 were still attached to the “tip.”

Figure 6a shows the image of region 2 before sinter-
ing. There was no sintering neck between particles 1 and 
4. Figure 6b shows the image of YBCO that heated to the 
maximum temperature of 1050 °C. The particles of 1 and 4 
were attached to the “tip” 1. The particles of 5 and 6 were 
attached to the “tip” 2. The “tip” 1 and “tip” 2 were marked 
with a blue box and a yellow box. Figure 6c shows the image 

of YBCO cooled to temperature of 25 °C. Particles 3 and 5 
were connected to “tip 1,” while particles 5 and 6 were still 
connected to “tip 2.”

Local evolution occurred in the sample, indicating that 
the temperature distribution was not uniform [25]. In the 
microwave sintering, the electromagnetic energy can be con-
verted into heat energy, and the distribution of temperature 
field depends on the distribution of electromagnetic fields. 
In order to study the mechanism of directional sintering in 

Fig. 3  Three-dimensional evolution diagram of YBCO: a initial state, b maximum temperature state, c final state

Fig. 4  Sectional evolution diagram of YBCO: a initial state, b maximum temperature state, c final state
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YBCO, it is necessary to analyze the electric field distribu-
tion of particles.

3  Discussion

3.1  Temperature Gradient‑Induced YBCO 
Directional Sintering

In order to further explain the experimental phenomenon, 
the specific distribution of particles in the local evolu-
tion region 1 and 2 were analyzed. As shown in Fig. 5, 
particles 2 and 3 formed a V-shaped structure. As shown 
in Fig. 6, particles 2 and 4 formed a V-shaped structure. 
The tip of the V-shaped structure was the final connection 
point of particles. The characteristics of this microstruc-
ture suggested that the V-shaped structure may be a key 
factor in the initiation of the “tip connection.” The special 
microstructure led to the special distribution of electric 
field intensity in the sample. The special evolution of local 

regions may be related to the special distribution of elec-
tromagnetic fields on the particles.

Firstly, a theoretical model of an electrolyte particle 
in the electromagnetic field was established. As shown in 
Fig. 7a, the ellipsoid particle was constructed with a length 
of 2b and a diameter of 2a. The center of the ellipsoid was 
set as the origin, and the rectangular coordinate system 
and spherical coordinate system were established.

The geometric equation of the ellipsoid is

Point C was located at the end of the long axis, Points D 
and C were both on the Z-axis, and the distance between them 
was d. The external electric field E0 was decomposed along 
the Y- and Z-axes as Ey and Ez.

On the basis of our previous study, the electric field inten-
sity along the Z-axis at point D [32] can be obtained as

(1)

⎧⎪⎨⎪⎩

x = a sin 𝜃 cos𝜑

y = a sin 𝜃 sin𝜑

z = b cos 𝜃

, (0 ≤ 𝜃 ≤ 𝜋, 0 ≤ 𝜑 ≤ 2𝜋, b > a).

Fig. 5  Evolution diagram of region 1: a initial state, b maximum temperature state, c final state

Fig. 6  Evolution diagram of region 2: a initial state, b maximum temperature state, c final state
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The electric field intensity along the Y-axis at point D was

The geometric parameter C is defined as

YBCO materials were generally regarded as conductors 
at high temperatures. According to the uniqueness principle 
of electric field, the charge distribution law of conductor 
particles and dielectric particles with the same shape was 
exactly the same. Therefore, the electrolyte ellipsoid model 
in Fig. 7a could be used to calculate the electric field inten-
sity in YBCO samples.

As shown in Fig. 7b, a theoretical model of V-shaped 
structure in an external electric field E0 was established. 
Particle 1 was placed vertically, and the angle between 
particle 2 and particle 1 was 135°. Geometric parameters 
b = 100 μm, a = 25 μm and d = 20 μm are set in Eqs. (2–4), 
and the electric field intensity generated by ellipsoid 1 and 

(2)EDz =
abEz

2C ∫
sin � cos �(b cos � + b + d)

[
a2 sin2 � + (b cos � + b + d)2

]3∕2
d�.

(3)

EDy = ∬
a2Ey sin

2 � sin�(b cos � + b + d)

2�(1 − C)
[
a2 sin2 � + (b cos � + b + d)2

]3∕2
d�d�.

(4)C = ∫
−1

1

−a2b cos2 �

2
(
a2 sin2 � + b2 cos2 �

)3∕2 d cos �.

ellipsoid 2 at point D was calculated. All of the electric field 
intensity components were synthesized at point D, and the 
total electric field intensity of point D was 40.6 E0. The tip 
of the V-shaped structure had a strong electric field, which 
can convert electromagnetic waves into heat energy. The tip 
became local heat zone, producing an uneven temperature 
field. The growth direction of particles was closely related 
to the distribution of temperature field. However, due to the 
complexity shape of the real particle morphology, it is dif-
ficult to obtain the accurate expression of the field intensity 
distribution and the corresponding value.

In order to obtain more detailed information of electric 
field distribution, the distribution of electric field in regions 
1 and 2 was simulated by the finite element method. First, a 
1 mm × 1 mm × 1 mm cubic space was constructed, and the 
external electric field was set to the same condition as the 
experiment. The sample was located in the middle of the 
single-mode cavity in Fig. 2b, where the electric field inten-
sity was 25,000 V/m and the direction of the electric field 
was vertical. The microwave frequency was set as 2.45 GHz 
in the experiment. In this study, the microwave electromag-
netic field mentioned above was taken as the standard elec-
tromagnetic field for numerical simulation. Models of dif-
ferent local regions were put into this space, and the model 
materials were YBCO. The parameters ε, μ and σ represent 
the relative permeability, relative permittivity and conduc-
tivity, and they are equal to 1, 1 and 5 ×  105 S/m for the 
YBCO, respectively. The ε, μ and σ of the other regions 

Fig. 7  a Geometric model of the ellipsoid particle, b V-shaped structural model
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were 1, 1 and 0, respectively. The actual particle shape was 
irregular, but this study mainly focused on the electric field 
intensity neared the “tip.” The geometric model only needed 
to approximate the shape of the particle in the “tip” area.

Figure 8a–c shows the evolution process of region 1. Par-
ticles 2 and 3 formed a V-shaped structure, and particle 1 
grew to the tip of the V-shaped structure. Figure 8d, e shows 
the distribution of electric field intensity in region 1. Points 
A, B and C were selected along the boundary of particle 
2, and points D, E and F were selected along the bound-
ary of particle 3. Points C and D were located at the tip of 
the V-shaped structure. Point G was selected at the growth 
front of particle 1. Figure 8f shows the electric field inten-
sity distribution of selected points. The electric field inten-
sities at points A, B, C, D, E, F and G were 3.4 ×  104 V/m, 
1.9 ×  104 V/m, 3.4 ×  105 V/m, 2.6 ×  105 V/m, 3.9 ×  104 V/m, 
2.9 ×  104 V/m and 9 ×  104 V/m, respectively. The electric 
field intensity at points C and D was much higher than that 
at other points. The uneven electric field distribution formed 
the electric field gradient, which was defined as a positive 
temperature gradient direction from low field intensity to 
high field intensity. As shown in Fig. 8e, the field inten-
sity gradients along GA, GB, GC, GD, GE and GF direc-
tions were −958 V/(μm·m), −1187.5 V/(μm·m), 2974 V/

(μm·m), 2173 V/(μm·m), −618 V/(μm·m) and −660 V/
(μm·m), respectively. High electric field intensity gradients 
were formed along GC and GD directions. Areas with high 
electric fields had a strong ability to convert electromag-
netic energy into heat. Therefore, the temperature of points 
C and D was significantly higher than that of point G. The 
arrows in Fig. 8e point to the rising direction of electric 
fields, which are consistent with the rising direction of tem-
perature. High positive temperature gradients were formed 
along the GC and GD directions.

The growth direction of YBCO was driven by the temper-
ature field. In the microwave sintering experiment process, 
YBCO was heated from 25 to 1050 °C. The temperature of 
the local area exceeded the melting point (melting point of 
YBCO, 1015 °C), resulting in a local liquid phase [2]. The 
temperature gradient produced surface tension on the liquid 
surface [33]. The liquid phase of particle 1 moved from point 
G to points C and D under the action of surface tension and 
gravity. After the microwave source was turned off, tempera-
ture of YBCO was reduced from 1050 to 25 °C. The liquid 
phase solidified without obvious change in shape.

Figure 9a–c shows the evolution process of region 2. Par-
ticles 2 and 4 formed a V-shaped structure, and particles 1, 
3 and 6 grew to the tip of the V-shaped structure. Particles 

Fig. 8  a Initial state of region 1, b maximum temperature state of region 1, c final state of region 1; d electric field distribution of region 1, e 
electric field intensity gradient distribution, f electric field of points A, B, C, D, E and F
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5 and 6 formed a V-shaped structure, and they connected 
together. Figure 9d, e shows the electricity field distribution 
of region 2. Points A, B, C, D and E were selected along the 
endpoints of particles 1, 3, 4, 6 and 5. Figure 9f shows the 
electric field intensity distribution of selected points. The 
electric field intensities at points A, B, C, D and E were 
1.3 ×  105 V/m, 8.8 ×  104 V/m, 3.7 ×  105 V/m, 1.5 ×  105 V/m 
and 2.5 ×  105 V/m. The electric field intensity at points C 
and E was much higher than that at other points. The field 
intensity gradients along AC, BC, DC and DE directions 
were 5254 V/(μm·m), 3194 V/(μm·m), 3712 V/(μm·m) and 
3687 V/(μm·m). The temperature of points C and E was sig-
nificantly higher than that of points A, B, D. The arrows in 
Fig. 9e point to the rising direction of electric fields, which 
are consistent with the rising direction of temperature. High 
positive temperature gradients were formed along the AC, 
BC, DC and DE directions. The growth direction of YBCO 
was driven by the temperature field [34, 35]. During the 
heating process, the liquid phase of particle 1 flowed from 
point A to point C. The liquid phase of particle 6 flowed 
from point D to point E. During the cooling process, the 
liquid phase solidified along the direction of the temperature 
gradient and particles grew from the solid–liquid interface 

to the tip of V-shaped structure. Particle 3 grew from point 
B to point C, and particle 6 grew from point D to point C.

The special V-shaped microstructure of the particles was 
the cause of directional sintering. The special V-shaped 
structure in the local region led to the special electric field 
distribution. A hot spot was generated in the local area, 
forming a positive temperature gradient from the periphery 
to the hot spot. The particles grew along the direction of the 
positive temperature gradient in the sintering process and 
finally connected to the hot spot.

3.2  Influence of YBCO Microstructure on Electric 
Field Distribution

In order to further understand the directional sintering phe-
nomenon of YBCO, the relationship between the microstruc-
ture parameters of V-shaped structure and the temperature 
field driving mechanism was explored. In this section, the 
influence of orientation and arrangement of particles in the 
V-shaped structure on the electric field and temperature field 
was analyzed.

Firstly, the effect of the microstructure parameters of a 
single particle on the distribution of electric field intensity 
was simulated. The ellipsoid 1 model with 50 μm in axes 

Fig. 9  a Initial state of region 2, b maximum temperature state of region 2, c final state of region 2, d electric field distribution of region 2, e 
electric field intensity gradient distribution, f electric field of points A, B, C, D and E
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A and B and 200 μm in axis C was constructed. Axes A, 
B and C of the ellipsoid were parallel to axes X, Y and Z. 
Model 1 was placed into the standard electromagnetic field 
established in Fig. 8d. The ratio of electric field intensity E 
to external electric field intensity E0 at a point was defined 
as electric field enhancement coefficient f, f = E/E0. The 
particle orientation angle was defined as the included angle 
between the long axis and the Z-axis. Figure 10a–c shows 
the distribution of electric field intensity in particle 1 with 
different orientations. Figure 10d shows the electric field 
enhancement coefficient fc at the point C under different 
orientation angles θ. As θ increased, fc decreased gradually. 
When orientation angle θ was 0, the electric field enhance-
ment effect at point C was the best.

Many particles in the actual sample were close together; 
it was necessary to simulate the distribution of electric field 
intensity of two particles in different arrangements. Fig-
ure 11a–c shows the distribution of electric field intensity 
of particles in different arrangement. Figure 11a shows the 
electric field intensity distribution of case 1. Two ellipsoidal 
particles with a length of 200 μm and a diameter of 50 μm 
were constructed. The long axis was kept in the same verti-
cal line and parallel to the direction of the electric field. 

The distance between the two particles was 20 μm. When 
the orientation angle of the two particles was 0, the electric 
field intensity in the area between the two particles was sig-
nificantly enhanced. Case 2 was constructed, and the parti-
cle orientation in case 1 was increased to 90°. Figure 11b 
shows the electric field intensity distribution of case 2. The 
field strength in the region between the two particle tips 
did not increase significantly. Case 3 was constructed. The 
long axis of the two particles was kept parallel to the Z-axis, 
while the short axis was kept on the same level and parallel 
to the X-axis. Figure 11c shows the electric field distribu-
tion of case 3, and the field intensity in the area near the 
two particles did not significantly increase. This indicated 
that the field strength at the tip of the V-shaped structure 
was enhanced mainly due to the effect of vertical particles. 
Moreover, when the angle between the two particles of the 
V-shaped structure was 180° and the long axis was paral-
lel to the direction of the electric field, the electric field 
enhancement at the tip was best.

The proximity of particles had an important effect on 
electric field distribution. The particle model of Fig. 11a was 
constructed. Figure 11d shows the electric field enhancement 
coefficients of point D at the midpoint of the two particle 

Fig. 10  a–c Electric field intensity distribution of different orientations: a θ = 0, b θ = 40°, c θ = 90°, d electric field enhancement coefficient fc of 
different orientation angles θ 
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tips. When the distance was increased from 2 to 50 μm, the 
electric field enhancement coefficient decreased from 170 to 
10. This indicated that the closer the two particles were in 
this arrangement, the better the tip enhancement effect was.

Through the above simulation, we had a further under-
standing of the relationship between the V-shaped structure 
and the temperature driving mechanism. When there are two 
particles in the electric field forming a V-shaped structure, 
keep the long axes of the two particles on the same line 
and parallel to the direction of the electric field. Set the dis-
tance between the two particles as small as possible without 
touching. A local hot zone could be formed at the tip of the 
V-shaped structure. Fabrication of such a V-shaped struc-
ture in the sample enables YBCO to undergo directional 
sintering. It is of great significance to fabricate YBCO with 
specific microstructures.

4  Conclusions

In this study, three-dimensional evolution of YBCO during 
microwave sintering was observed by SR-CT technology. 
It was found that some special local evolution occurred in 

YBCO, and the growth of YBCO particles was directional. 
All of these regions had a common V-shaped microstruc-
ture. The distribution of electric field intensity of single 
ellipsoid particle and V-shaped particle in electric field 
was deduced theoretically. It was found that the intensity 
of electric field at the tip of the V-shaped structure was 
greatly enhanced. The tip became a local thermal area 
and produced a temperature gradient from the tip to the 
periphery. Particles grew under the drive of temperature 
field. During the heating process, the liquid phase attached 
to the tip under the combined action of gravity and sur-
face tension. In the cooling process, the particles grew 
along the direction of the temperature gradient, from the 
solid–liquid interface to the local hot zone. By simulat-
ing the electric field distribution under different micro-
structures, the temperature driving mechanism was further 
understood. Place the long axes of the two particles in a 
straight line parallel to the direction of the electric field. 
When two particles are close together, the electric field at 
the tip of the particle is greatly enhanced.
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