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Abstract
Superconducting YBa2Cu3O7−x (YBCO) bulks have promising applications in quasi-permanent
magnets, levitation, etc. Recently, a new way of fabricating porous YBCO bulks, named
direct-ink-writing (DIW) 3D-printing method, has been reported. In this method, the
customized precursor paste and programmable shape are two main advantages. Here, we have
put forward a new way to customize the YBCO 3D-printing precursor paste which is doped
with Al2O3 nanoparticles to obtain YBCO with higher thermal conductivity. The great
rheological properties of precursor paste after being doped with Al2O3 nanoparticles can help
the macroscopic YBCO samples with high thermal conductivity fabricated stably with high
crystalline and lightweight properties. Test results show that the peak thermal conductivity of
Al2O3-doped YBCO can reach twice as much as pure YBCO, which makes a great effort to
reduce the quench propagation speed. Based on the microstructure analysis, one can find that
the thermal conductivity of Al2O3-doped YBCO has been determined by its components and
microstructures. In addition, a macroscopic theoretical model has been proposed to assess the
thermal conductivity of different microstructures, whose calculated results take good agreement
with the experimental results. Meanwhile, a microstructure with high thermal conductivity has
been found. Finally, a macroscopic YBCO bulk with the presented high thermal conductivity
microstructure has been fabricated by the Al2O3-doped method. Compared with YBCO
fabricated by the traditional 3D-printed, the Al2O3-doped structural YBCO bulks present
excellent heat transfer performances. Our customized design of 3D-printing precursor pastes
and novel concept of structural design for enhancing the thermal conductivity of YBCO
superconducting material can be widely used in other DIW 3D-printing materials.

Keywords: Al2O3-doped YBCO, thermal conductivity, theoretical model, controllable design,
DIW 3D-printing
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1. Introduction

High-temperature superconducting YBa2Cu3O7−x (YBCO)
has become a popular superconductingmaterial. Various kinds
of phenomena in the physical properties of YBCO have
been reported by research groups all over the world. The
thermal conductivity of the oxide superconductors [1–5] is
a physically important quantity that reflects the strength of
the interaction between phonons and charge carries [6, 7].
Thermal conductivity k is a fundamental property needed
to calculate thermal-magnetic instability and cooling energy,
and thermal-induced quench is a common phenomenon that
needs to be solved urgently. Jing et al numerically calcu-
lated the thermal-magnetic-mechanical instability behavior,
and achieved some distinctive progresses for recognizing
the mechanics and thermotics-relevant behaviors in bulk and
film superconductors [8–12]. In the quench research of high-
temperature superconducting materials, the main research
parameters are the minimum quench trigger energy (MQE)
and quench propagation velocity. When the superconductor
is disturbed by energy during its operation, the supercon-
ducting materials and the environment cannot balance this
energy, which will induce the superconductor to quench. The
minimum energy that can just induce the superconductor to
quench is called the MQE. The local position changes from
a superconducting state to a normal state due to disturbance,
and the Joule heat will be released at this position due to the
appearance of resistance, which will lead to a sudden rise in
local temperature. If this heat cannot be conducted away in
time, the quench position will propagate along the current
transmission direction, and the propagation speed in the nor-
mal state region is called quench propagation speed. There-
fore, superconducting materials with higher thermal conduct-
ivity can reduce the quench propagation speed significantly,
which leads to YBCO with high thermal conductivity becom-
ing more promising. For these years, thermal conductivity
measurements have been focused on the YBCO polycrystals
[13–16], single crystals [17–19], YBCO thin film [20], and
YBCO tape [21] for business. In conventional metals, the elec-
trons are the main heat carriers, instead of phonons due to the
test temperature being higher than the superconducting trans-
ition temperature [22]. The mechanism of thermal conductiv-
ity for YBCO materials has been elucidated by the theory of
microscale about the interaction between phonons and elec-
trons However, there is no macro model to illustrate the mech-
anism of thermal conductivity for macro-scale YBCO bulk
materials.

As to YBCO bulks, Yamamoto et al [23] fabricated YBCO
dopedwith andwithout Ag by themelt powderingmelt growth
(MPMG) method, and measured its thermal conductivity,
respectively. They obtained thermal conductivity with a small
temperature range and discussed the effect of the impurity
phase briefly. Rodríguez [24] found that the thermal process
and Ag doping do affect the charge-carrier density of these
compounds directly by measuring the electrical resistivity,
Seebeck coefficient and thermal conductivity. However, the
fabricating process of YBCO is always using top seeded infilt-
ration and growth method or MPMG method, which results

in a long fabricating period and surface cracks on samples
[25, 26]. The advanced additive manufacturing technology has
the characteristics of high efficiency and nimble, as the pre-
pared sample has better mechanical and thermal performances
[27–29]. Recently, our research group has put forward a new
YBCO bulk material fabricating process using the direct-ink-
writing (DIW) 3D-printing method [30]. In this method, the
rheological properties are the most important factors for the
ceramic paste, which will directly determine its printability
[31]. Meanwhile, the YBCO bulks with various kinds of com-
plex structures have been easily fabricated. However, there has
been no systematic research aiming at the thermal conductivity
of doped DIW 3D-printing YBCO bulk materials.

In this paper, to enhance the thermal conductivity of YBCO
bulks and to make it controllable simultaneously, the structural
design method has been proposed based on a unique macro
theoretic model of the thermal conductivity for YBCO com-
bined with the DIW 3D-printing fabricating process. Based on
DIW 3D-printing fabricating process, it is easier to add Al2O3

nanoparticles into the YBCO 3D-printing ink, which also con-
tains Y2O3, BaCO3 and CuO nanoparticles. The thermal con-
ductivity of the Al2O3-enhanced YBCO bulk was larger than
the pure YBCO bulk. To analyze the mechanism of thermal
conductivity of enhanced YBCO, the macro-scale model has
been constructed based on structure deformation, which can
reveal the change of thermal conductivity with rising tem-
peratures. Furthermore, a smart structure made of enhanced
YBCO that contains higher thermal conductivity has been
designed based on the DIW 3D-printing fabricating process,
which has larger thermal conductivity than traditional 3D-
printed YBCO.

2. Results and discussion

2.1. Preparation of Al2O3-doped YBCO bulks with larger
thermal conductivity

The fabrication of YBCO bulks with larger thermal conduct-
ivity is based on the DIW 3D-printing process, which is shown
in figure 1. To fabricate simple YBCO without doping, the
Y2O3, BaCO3 and CuO powders are needed, and their dia-
meters are all less than 1 µm. We choose Al2O3 nanoparticles
as doping material because it has higher thermal conductiv-
ity. Since Al2O3 nanoparticles do not react with Y2O3, BaCO3

and CuO at the sintering temperature, the Al2O3 nanoparticles
were added to the YBCO precursor powder mixture. The
mechanism of Al2O3 particles enhanced YBCO with higher
thermal conductivity is that Al2O3 and YBCO combined and
became a composite material. Meanwhile, with Al2O3 dop-
ing into YBCO, the density of YBCO can be enhanced, which
causes higher thermal conductivity of a composite mater-
ial. To make the precursor powder mixture into the slurry
required for 3D printing, it is first necessary to prepare a
binder solution. Generally, sodium carboxymethyl cellulose
(RnOCH2COONa) and deionized water are mixed in a weight
ratio (1:15). In a glass beaker, a mechanical stirring process
was adopted at room temperature for at least 72 h to obtain
a uniform water-based precursor. Then, the ground powder
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Figure 1. Fabrication of YBCO with larger thermal conductivity doped with Al2O3 by the 3D-printing method.

is fully dispersed into the water-based precursor in an agate
mortar. After fully stirring, a two-phase system printing paste
is obtained. For the three-phase paste slurry, soybean oil epox-
ide (C57H98O12) was dissolved in the binder solution, and the
oil–water–powder three-phasemixed suspensionwas obtained
by stirring. To obtain better paste uniformity, a roller mill can
also be used to homogenize the mixture between steel rollers.
Finally, the printing paste with uniform elasticity and good
performance is obtained. If the printed YBCO sample is dried
directly, a large number of irregular circular cavities will be
generated in the sample. However, when the 3D printed struc-
ture is processed in an ice-cold environment (−60 ◦C), as
the water in the structure freezes, cellulose fibers that absorb
numerous particles are gradually excluded from the grow-
ing ice crystals. Therefore, the distance between the fibers is
reduced, forcing them to form interconnected reinforced scaf-
folds together, and after freeze-drying, because many mech-
anically reinforced scaffolds are formed in the structure, they
can be strong enough to withstand crystallization migration at
the interface of annealing liquid phase without large deform-
ation. Therefore, the samples were freeze-dried at −50 ◦C for
48 h. At the same time, during the freeze-drying process, the
extrusion of ice crystals improved the close contact between
different particles and formed a good intracellular structure. In
addition, this method can prevent the internal crack propaga-
tion of 3D-printed YBCO bulk caused by initial temperature
difference and spatial anisotropy. After the freeze-drying, the
YBCO samples were annealed at 920 ◦C in an oxygen atmo-
sphere to enhance their thermal conductivity. After sintering,
to make up for the lack of oxygen in YBCO bulkmaterials dur-
ing the preparation process, the YBCO samples were annealed
at 480 ◦C in 0.4 MPa oxygen pressure atmosphere, and finally,
the fully prepared YBCO bulk materials can be obtained.

Fundamentally, the printability of ceramic precursor paste
is determined by the rheological and thixotropic prop-
erties. Meantime, they also affect the structural stability
and geometric accuracy of the 3D-printed samples [32].

Figure 2. X-ray diffraction (XRD) of Al2O3-doped 3D-printed
YBCO with high thermal conductivity, pure YBCO and pure Al2O3.

Researchers have proposed that the viscosity of 2000 Pa·s is
suitable for fabricating stable constructions of the YBCO [33].
In our work, the weight ratio of epoxidized soybean oil and
water has been changed prepared thermal conductivity pre-
cursor paste to make sure it can be well used to fabricate stable
structures. Zhang et al [30] confirmed the best anneal temper-
ature of samples is 920 ◦C which makes samples have higher
crystallinity and uniform grain size. Therefore, our work also
chooses 920 ◦C as anneal temperature to keep Al2O3-doped
YBCO has the same properties as pure YBCO.

2.2. Microstructure of Al2O3-doped 3D-printed YBCO bulk

The chemical composition and structure of Al2O3-doped 3D-
printed YBCO bulk with high thermal conductivity were fur-
ther characterized by x-ray diffraction (XRD), as shown in
figure 2. The XRD pattern of pure YBCO, pure Al2O3 and
Al2O3-doped YBCO with high thermal conductivity all show
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Figure 3. Microstructural characterization of Al2O3-doped thermal enhanced 3D-printed YBCO structure. (a)–(d) Scanning Electron
Microscope (SEM) images of Al2O3 doped thermal enhanced 3D-printed YBCO structure. (e)–(j) Elemental mapping (Y, Ba, Cu, O, Al)
images of Al2O3-doped 3D-printed YBCO sample with high thermal conductivity.

specific sharp peaks, which indicated the compositions of
YBCO and Al2O3 nanoparticles. As shown in figures 3(a)–(c),
the sintered Al2O3-doped YBCO with high thermal conduct-
ivity has a porous structure. According to figure 3(d), it is
clear that Al2O3 nanoparticles had been doped in the YBCO
structure homogeneously. Though the radius of Al2O3 nan-
oparticles was controlled at about 30 nm, the aggregation of
the nanoparticles also appeared during the preparation of pre-
cursor paste and the freeze-drying process, which can be seen
in the inset of figure 3(d). As shown in figures 3(e)–(j), cor-
responding to the synthesized elements, Y, Ba, Cu, O, and
Al, respectively. According to these five elements’ distribu-
tion’s color mapping, Al2O3-doped YBCO with high thermal
conductivity was confirmed to be fabricated successfully as an
YBCO composite.

2.3. Superconducting properties of Al2O3-doped YBCO with
high thermal conductivity

Al2O3 is a kind of nanoparticle with high thermal conduct-
ivity. In this paper, we use Al2O3nanoparticles to improve
the thermal conductivity of YBCO bulk materials for 3D-
printing. Like 3D printed YBCO superconducting bulkmateri-
als, we tested the superconducting properties of bulk materials
doped with alumina nanoparticles and measured the temperat-
ure dependence and magnetic field intensity of magnetization
of 3D printed YBCO doped with Al2O3 nanoparticles by using
a magnetic measuring system.

Critical current density (Jc, A cm−2) is an important evalu-
ation index of superconductivity, which is calculated from the
M–Ba curve by using Bean-model’s formula [34]:

Jc =
20∆M

b(1− b/3a)
(1)

where ∆M is the width of the magnetized hysteresis loop
(emu cm−3), a and b (a > b) are the cross-sectional dimensions
of the sample perpendicular to the magnetic field, respectively.

Figures 4(a)–(c) show graphs of magnetization versus mag-
netic field (from −90 kOe to 90 kOe) of 3D printed samples
doped with different Al2O3 ratios with temperatures ranging
from 2.5 K to 55 K. With different Al2O3 doping ratios,
the YBCO superconducting properties show giant differences,
which indicated that the sample doped with 15% Al2O3 has
the best superconducting properties. Therefore, further cal-
culations are given based on 15% Al2O3-doped YBCO. A
larger magnetic moment can be obtained at a lower tem-
perature when the external magnetic field strength is the
same. The maximum magnetization of 3D printed samples
at 2.5, 4, 15, 35 and 55 K are 5.68, 5.4, 4.19, 1.57 and 0.9
emu g−1, respectively. Compared with the traditional cold-
pressed sintered YBCO, 3D-printed YBCO shows consid-
erable improvement in the magnetic moment and hysteresis
loops at different temperatures. In figure 4(d), from which
YBCO 3D-printing bulk with improved thermal conductivity
doped with Al2O3nanoparticles also has a transition temper-
ature of 92 K. As is shown in figures 4(e) and (f), at different
temperatures (2.5, 4, 15, 35, and 55 K), Jc (H) decreases expo-
nentially with the increase of the magnetic field. The double
logarithmic plot of Jc (H) shows an approximately linear rela-
tionship to the magnetic field (1000–90 000 Gs) without the
so-called fishtail effect. In addition, the power-law relation-
ship between Jc and t is obtained, that is, Jc decreases with
the temperature increasing from 0 K to 55 K. After doping
with Al2O3 nanoparticles, the prepared enhanced 3D printed
YBCO superconducting bulk material will have changes in
thermal conductivity based on retaining the original supercon-
ductivity characteristics.

2.4. Thermal conductivity of Al2O3-doped YBCO with high
thermal conductivity

Since Al2O3 nanoparticles have high thermal conductivity,
3D printed YBCO was doped with 5%, 10% and 15%
Al2O3 nanoparticles respectively. YBCO high-temperature
superconductors are always being used at about 77 K, so the
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Figure 4. Electromagnetic properties of Al2O3-doped thermal enhanced 3D-print YBCO. (a)–(c) Magnetic hysteresis loops of Al2O3 doped
thermal enhanced 3D-printed sample with 5%, 10% and 15% respectively at 2.5, 4, 15, 35, and 55 K. (d) ZFC and FC curves of Al2O3

enhanced sample at an applied field of 50 Oe (inset shows the point of superconducting transition). (e) 3D-printed YBCO Jc (H) with
temperature changing from 2.5 K to 55 K. (f) temperature dependence of Jc for Ba = 100 mT. The solid line is the fitting curve.

thermal conductivity of undoped and doped YBCO with dif-
ferent proportions was measured from 0 K to 300 K. As shown
in figure 5(a), the thermal conductivity of Al2O3-doped YBCO
doped was improved, and the dependence of thermal conduct-
ivity on temperature was a process of first increasing, then
decreasing and finally tending to be linear. The change rule of
thermal conductivity before and after doping was consistent.
Among them, the thermal conductivity of undoped YBCO,
YBCO doped with 10% and 15% mass ratio reached the peak
value of 16.98, 23.19 and 25.87 W Km−1 respectively when
the temperature reached 42 K. While the thermal conductiv-
ity of samples doped with 10% mass ratio reached the peak
value of 22.78 W Km−1, when the temperature reached 62 K.
It can be seen that after doping, the thermal conductivity of 3D
printed YBCO is improved regardless of the mass ratio of dop-
ing. At the same peak period, 3D printed YBCO doped with
10% Al2O3nanoparticles has the highest thermal conductiv-
ity, whose thermal conductivity is 1.52 times higher than pure
YBCO, which has a great influence on the thermal conductiv-
ity of YBCO high-temperature superconducting materials. It
can also be seen from the figure that after the peak position of
the thermal conductivity of the sample, that is, the temperat-
ure is 42 K, the improvement of the overall thermal conduct-
ivity brought by the doped Al2O3nanoparticles with a mass
ratio of 5% is the most significant. The improvement of the
thermal conductivity of the doped 3D printed YBCO remains
1.5–2 times higher than pureYBCOafter 42K,which can even
reach 2.1 times at 300 K. Therefore, the doping mass ratio of

Al2O3nanoparticles and the improvement of thermal conduct-
ivity are not linearly related. In practical engineering applica-
tions, it is necessary to select different doping mass fractions
of alumina nanoparticles according to the actual working tem-
perature of YBCO high-temperature superconducting mater-
ials to achieve the optimal effect. Given the changing trend
of thermal conductivity of YBCO high-temperature supercon-
ducting materials with temperature increasing first and then
decreasing, many researchers have made detailed research and
analysis on the mechanism. The existing mechanism explana-
tion is to analyze the influence of phonon heat transfer, elec-
tron heat transfer and their coupling effect on thermal con-
ductivity in YBCO at the microscopic level, and then give
theoretical formulas for fitting and comparative analysis of
experimental data. There is almost no macroscopic model to
explain the special change of thermal conductivity of YBCO
high-temperature superconducting materials with the temper-
ature rising first and then falling.

As shown in figure 5(b), the 3D printed YBCO samples
have a regular porous structure by SEM characterization at
room temperature, and through careful observation found that
the inner pore structures are mostly regular and irregular
hexagons, which are the dominant shape. And the character-
istic structure of YBCO is the basis of establishing a mac-
roscopic theoretic model to explain the time dependence of
YBCO thermal conductivity. To simplify the model calcula-
tion, porous structures inside samples were considered as the
same shape at the same temperature. And we assumed these
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Figure 5. Thermal conductivity of Al2O3-doped thermal enhanced 3D-print YBCO. (a) Thermal conductivity of 3D-printed YBCO and
Al2O3-doped samples with 5%, 10% and 15% doping ratio from 0 to 300 K. (b) SEM image of Al2O3-doped samples at room temperature,
which shows various kinds of holes with different shapes. (c) Relation between the angle of Φ and the calculating results of the macro
model’s thermal conductivity. (d) Calculation of macro model based on mechanical deformation compared with experiment results. (e) The
deformation of microstructure with the temperature rising. The first one is hexagon, which is at room temperature, the rectangle is at a lower
temperature than hexagon, and the last one is at the lowest temperature.

structures as truss structures made up of several hinged bars
with the same thickness. In 2008, analytical and finite element
methods were used by Bezazi et al [35] to analyze the load-
bearing and heat-conducting multi-functional applications of
a new type of multi-concave honeycomb structure [36]. On
this basis, in 2009, Inocenti et al [37] established a transient
thermal analysis model considering both the thermal radiation
and the thermal conduction of solid materials, furthermore, the

thermal protection performance of the new honeycomb struc-
ture was described [38]. In 2014 [39], based on the Bernoulli–
Euler beam model, the Poisson’s ratio of honeycomb struc-
ture was calculated by using the strain energy principle under
pure bending load, on this basis, the influence of the expan-
sion effect of negative Poisson’s ratio on the thermal conduct-
ivity of the structure is further analyzed [40]. As early as 1935,
Bruggeman [41] proposed a new structural model in which
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two phases are connected and each phase is continuous. Sub-
sequently, Landauer [42] derived the effective thermal con-
ductivity equation of the structure in 1952. Since most of the
voids in 3D printed YBCO were hexagonal at room temperat-
ure, the temperature of the YBCOhigh-temperature Supercon-
ductor classification increased from 0 K to 300 K, therefore, it
is deduced that the inner structure of the 3D printed sample is
hexagonal at room temperature because of the thermal expan-
sion and deformation of the inner structure caused by tem-
perature. The internal structure is a continuous process in
which the top-to-top perovskite (structure) of two triangles
gradually deforms into a hexagon as the temperature expands.
Because the alumina-doped 3D-printing YBCO heat transfer
enhancementmaterial is formed by a 3D-printing paste nozzle,
the precursor paste is the internal skeleton component of the
sintered product, which is itself a porous material. As shown
in figure 5(e), the finite element method was used for simu-
lating the structural deformation inside the sample with tem-
perature changing. When the temperature decreases, its struc-
ture shrinks, and gradually changes from the initial hexagonal
structure to a rectangular structure. Because the rectangu-
lar structure itself is unstable, which continues to shrink in
the process of continuous temperature decrease, and finally
deforms into a special structure with two triangles placed on
top. Therefore, our model is based on the porous material as a
framework to support the formation of a larger scale of porous
materials. Using the heat transfer coefficient formula given by
the above researchers, the heat transfer coefficient of 3D prin-
ted YBCO light porous material doped with Al2O3particles is
calculated and the numerical simulation is carried out.

The model calculation is based on the following equations
that combine the honeycomb’s structural thermal conductivity
with the effective thermal conductivity of cellular composite
material [36–39]. In the theoretical calculation of the micro-
scopic model, a modified formula has been used as follows
to calculate the thermal conductivity of our designed structure
with making up of a high thermal conductivity microstructure,

ks = ρk (2)

where ks represents the sample’s conductivity, ρ is a dimen-
sionless value that represents the relative structural density of
the model structure, and k denotes the thermal conductivity
of the composite material. Next, we give the calculation for-
mula of ρ and k, respectively. Similar to the presentation in the
literature [37], we supply one structural influencing factor α,
which represents the structural deformation, as shown in the
following formula:

ρ=
m(n+ 2)

2α
1

nsinθ+ sinθ · cosθ
,

(
θ =− π

120
T+ aπ,m= t/l,n=

s/l

)
(3)

where t represents the thickness of model, s and l represent the
length of cross rod and sway rod of the model, respectively. T
represents the temperature, a is a constant, and θ represents the
angle of the model’s concave angle which is determined as a
function of temperature.

To obtain the thermal conductivity of Al2O3-doped YBCO
material, we use the formula (4) which has been given in the
literature [38, 39] to calculate the thermal conductivity of the
composite material with two components,

k=
1
4

{
(3v2 − 1)k2 +(3v1 − 1)v1

+

√
[(2v2 − 1)k2 +(3v1 − 1)k1]

2
+ 8k1k2

}
(4)

where v1,v2 represent the volume ratio of two main materials,
and k1,k2 represent two main materials’ thermal conductiv-
ity. In the end, we obtained the thermal conductivity of the
nanoparticle-doped YBCO by the 3D-printing process, which
is also fit for other porous materials suitable for 3D-printing,

ks =
m(n+ 2)

8α

{
(3v2 − 1)k2 +(3v1 − 1)v1 +

√
[(2v2 − 1)k2 +(3v1 − 1)k1]

2
+ 8k1k2

}
nsin(− π

120T+ aπ)+ sin(− π
120T+ aπ) · cos(− π

120T+ aπ)
. (5)

As shown in figure 5(c), the inside microstructure of the
sample changed with different Φ values since the structure
we put forward has changed with the temperature rising
(As shown in figure S2, supporting information). It is clear
that when the Φ is about 60◦, the sample’s thermal con-
ductivity reached its peak value. As shown in figure 5(d),
the green lines represent the numerically calculated results
of the temperature dependence of the thermal conductiv-
ity of the 10% Al2O3-doped YBCO sample on the macro-
scopic scale model we have established, and the red aster-
isks represent 3D printed YBCO samples doped with 10%

Al2O3 nanoparticles, the black squares represent the undoped
3D printed YBCO samples. It can be seen that our macro-
scopic theoretic model based on thermal expansion-induced
structural deformation can well explain the unique temper-
ature dependence of the thermal conductivity of 3D prin-
ted YBCO superconductor classification in doped or undoped
conditions. Since we assumed structures inside samples are
all the same shape at the same temperature and assumed the
density of samples is 100%, there is a difference between
the experimental results and theoretical calculation, which is
acceptable.
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Figure 6. Microstructural characterization of designed
Al2O3-doped 3D-printed YBCO. (a) Optical image of designed
3D-printed YBCO with larger thermal conductivity structure.
(b)–(d) SEM images of designed 3D-printed YBCO with a high
thermal conductivity structure, which is also a porous structure.

2.5. Controllable designed 3D-printed YBCO structure with
high thermal conductivity

As mentioned above, a macroscopic theoretic model has been
established based on the thermal expansion deformation of
the frame structure to calculate the thermal conductivity of
the macroscopic structure. When the thermal conductivity
reaches its peak, the inner structure is shown as a concave
hexagon. And through our calculation of the thermal con-
ductivity of the model, it can be concluded that when the
thermal conductivity of the sample reaches its peak, the con-
cave angle of the structure is 120◦. Therefore, with the help of
the results of calculation and analysis, the DIW 3D-printing
YBCO technology has been used to directly design and print
the YBCO structure with the largest thermal conductivity
in the range of 0–300 K. As shown in figure 6(a), for the
YBCO bulk with high thermal conductivity fabricated by 3D-
printing technique, the YBCO exhibited a regular periodic
structure, these structures are formed by the deposition of
cylindrical slurry from a nozzle with an inner diameter of
about 200 µm, which is set up according to the procedure
of the printing model. Because the prepared ceramic printing
paste has excellent rheological properties, it can be success-
fully extruded without powder agglomeration, which allows
the geometry to be accurately copied from the structure so
that 3D-printed samples can be made accurately. As shown
in figures 6(c) and (d). The rod-like structure of 3D printed
YBCO is also porous, so the YBCO bulk with high thermal
conductivity retained its ultra-light property. As shown in
figure 7, we tested the thermal conductivity of both YBCO
bulks with vertical and horizontal orthogonal deposition prin-
ted by Zhang et al [30], and YBCO bulks with designed struc-
ture in the normal temperature section. It has been found that
the thermal conductivity of three YBCO bulks with optimized
structures was significantly improved compared with that of

Figure 7. Designed controllable structure made of YBCO with high
thermal conductivity compared with conventional rectangle
3D-printed structure.

YBCO blocks with a square grid, and all of the samples are
undoped with Al2O3. At temperature of 360 K, the maximum
thermal conductivity of the designed structure can reach 1.47
times that of the square grid structure. Therefore, a structural
design method of controllable thermal conductivity based on
3D-printing technology has been confirmed from the exper-
imental point of view, and the functional YBCO 3D-printed
structural composite material has been successfully prepared,
which provides a high reference value for the later practical
application.

3. Conclusions

In this paper, based on 3D-printing technology, on one hand,
by doping Al2O3 nanoparticles with high thermal conductiv-
ity into the precursor printing paste, high-quality nano-doping
has been realized. And the results show that the thermal con-
ductivity of superconducting materials has been increased up
to 2 times. By analyzing its microstructure and combining it
with the theoretical calculation model, the calculation results
are in good agreement with the experiments, and a micro-
structure with high thermal conductivity has also been found.
On this basis, another major task of this paper is to pre-
pare macroscopic samples with this microstructure with high
thermal conductivity by 3D-printing. The results show that this
structural design can also effectively improve thermal con-
ductivity, and the maximum thermal conductivity can reach
almost 1.5 times. This new method of improving thermal con-
ductivity through paste doping and structural design proposed
is also applicable to other porous materials that can be pre-
pared by the 3D-printing process.
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