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A novel LTCC substrate manufacturing process based on 3D printing was investigated in this paper. Borosilicate glass-alumina
substrates with controlled size and thickness were successfully manufactured using a self-developed dual-nozzle hybrid printing
system. The printing parameters were carefully analyzed. The mechanical and dielectric properties of the printed substrate were
examined. The results show that the printed substrates obtain smooth surface (Ra=0.92 ym), compact microstructure (relative
density 93.7%), proper bending strength (156 mPa), and low dielectric constant and loss (€,=6.2, 1/ tan §=0.0055, at 3 GHz). All
of those qualify the printed glass—ceramic substrates to be used as potential LTCC substrates in the microwave applications. The
proposed method could simplify the traditional LTCC technology.

1. Introduction

The rapid development of high frequency wireless commu-
nication has resulted in an increasing demand for minia-
turized, high integration, and multi-functional microwave
ceramic devices. It also puts forward the requirement of
electronic packaging technology. Low temperature co-fired
ceramic (LTCC) technology provides a good solution for the
miniaturization and lightweight of electronic components
and modules in high frequency applications. As one of the
functional parts of LTCC devices, LTCC substrate materials
have been extensively investigated in the past decades [1-
6], and many materials have been developed in the form
of glass—ceramic or glass/ceramic according to the needs of
the specific applications. One of the most important pro-
cesses in LTCC substrate manufacturing is tape casting,
which includes procedures like slurry preparation, mixing,
degassing, casting, drying, punching, etc. Although high-
quality ceramic substrate can be obtained, the traditional
tape casting process is so complex and low precision that not
only affects the performance of microwave devices, but also
is difficult to adapt to the trend of rapid, integrated, small
batch in device production. And the tape casting process
has brought a lot of environmental pollution. To solve these

problems, many scholars have carried out new researches on
materials and technologies [7, 8].

Three-dimensional printing (3DP), known as additive
manufacturing, has become the focus of media and public
attention in recent years as the decades-old technology has
at last approached the performance necessary for direct pro-
duction of end-use devices [9]. ].]. Adams et al. [10] reported
a new 3DP technique which enables the integration of an
antenna directly onto the package of a small wireless sensor
node that ensures near-optimal bandwidth performance of
the small antenna. Kong et al. [11] reported a five-layer
fully 3D-printed quantum-dot-based light-emitting diodes
(QD-LEDs), showing the ability to rapidly print electronic
devices with embedded circuitry that would enable myriad
applications [12]. Therefore, the rising interest in 3DP tech-
nology is resulting in rethinking of traditional approaches
for the design and manufacture of multi-layered LTCC devi-
ces.

In this paper, we report a novel LTCC substrate manu-
facturing process based on 3D printing. The glass-ceramic
substrates were printed using a dual-nozzle hybrid printing
system. The printing parameters were carefully discussed. The
density, microstructure, mechanical strength, and dielectric
properties of the printed substrate were investigated.
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FIGURE 1: Schematic of dual-nozzle hybrid printing system.

2. Experimental

2.1. Materials. A typical glass-ceramic system, borosilicate
glass-alumina was used in this work. Commercially available
borosilicate glass and high purity Al,O; powders were both
purchased from Sinopharm Chemical Reagent Co., Ltd. The
main composition of the obtained glass is 16.5wt % CaO,
14.5wt % AL O5, 8.9wt % B,0s, 54wt % SiO,, and 4.4wt %
MgO. Both of the powders were ball-milled with alumina
balls in ethanol for 24 h. The average diameters (D) of the
resulting powders were 1.56 ym for glass and 0.98 ym for
Al,O; as measured by laser particle analyzer (Rise 2028, Jinan
Rise Co., Ltd, China).

2.2. Slurry Preparation. The glass-ceramic slurry (40wt %)
was prepared in a ball mill for 4 h to ensure good dispersion
and consistency, using deionized water as solvent. The mass
ratio of glass and ceramic powders was 60:40 (glass: Al,O;).
Darvan C (R.T. Vanderbilt Co., Norwalk, CT), a 30wt %
ammonium polyacrylate solution, was used as dispersant and
hydroxyethyl cellulose (Aladdin Industrial Co., Shanghai,
China) as viscosifying agent. Polyethylene glycol (Sinopharm
Chemical Reagent, Shanghai, China) was added as humec-
tant. Antifoaming agent (Aladdin Industrial Co., Shanghai,
China) was also added to prevent foaming, and ammonia
water was used to adjust the PH value.

2.3. Fabrication of LTCC Substrates. In order to achieve the
integrated manufacturing of functional devices, we designed
and installed a dual-nozzle hybrid printing system, as shown
in Figure 1. The Nozzle I of the printing system adopts direct
writing method, using an air pressure-assisted syringe, for
high viscosity materials printing. Nozzle IT uses piezoelectric
jetting system for high precision printing of low viscosity
functional materials. The glass-ceramic LTCC substrates were
printed by nozzle I. The synthetic motion of platform and
nozzle was driven control system. The pre-prepared glass-
ceramic slurry was extruded from the nozzle under a certain

pressure and deposited on the platform and formed the
desired layer shape. Of course, multilayer devices could be
constructed layer by layer with a nozzle elevation repeatedly.
The substrate shape was controlled by the path of nozzle
movement, which could be achieved by programming with
G code. During the printing experiment, the inner diameter
of the nozzle used was 0.16 mm, the moving speed of X-
Y direction was 300 mm/s, and the air pressure was 150
kPa. Tubular specimens were also fabricated with the inner
diameter of 3 mm, the outer diameter of 7 mm, and the
height of 10 mm for dielectric properties test. Samples were
debindered at 450°C, then sintered at 800-900°C in the air
for 2 hours, and then cooled in a furnace.

2.4. Characterization. The relative density of the sintered
substrate was measured by Archimedes method. The me-
chanical strength of glass-ceramic was investigated by a
universal testing machine (WDW2000, Haerbin Kexin ins.,
China) using three-point bending test method. The rough-
ness of upper surface of printed substrate was measured by a
probe instrument (JB-4C, Shanghai Optical Instrument Co.,
China). The microstructure was observed by the scanning
electron microscope (Phenom Pro, Phenom, Netherlands).
The dielectric properties were measured by vector network
analyzer (AV36580A, 41st Institute of CETC, China).

3. Results and Discussion

Figure 2 shows the printed LTCC substrates, tubular spec-
imen, and their surface roughness. LTCC substrates with
dimensions of 10x10 mm, 5x5 mm, and 10x5 mm are
obtained as designed (Figure 2(a)), with smooth and flat
surface. The printed tubular specimen for dielectric testing
is shown in Figure 2(b). The thickness of the substrate is 105
+ 5 pym. The average roughness of the upper surface is 0.92
pm as shown in Figure 2(c). Figure 3 shows the SEM images
of upper and cross section of sintered substrate. It can be seen
that the sintered glass-ceramic substrate achieves compact
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FIGURE 2: Printed LTCC samples and its roughness. (a) Substrates with different size. (b) Printed tubular specimen for dielectric testing. (c)
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FIGURE 3: SEM images of printed substrate. (a) The upper surface. (b) The cross-sectional view.

structure with fewer pores, as the glass melts and encapsulates
the ceramic phase under high-temperature sintering.

It is clear that substrate printing is a process of slurry
deposition and fusion. The printing quality depends on the
properties of slurry, the model design, and the match of
printing parameters. Viscosity of slurry is an important factor
that affects the substrate printing. If the viscosity is too high,
the extruded rod-like materials may not be fused together
and forms fluctuant surface. If it is too low, the slurry cannot
print and maintain the desired shape. At the same time, lower
viscosity of slurry will also slow down the drying process,
resulting in the size deviation and uneven thickness of printed
substrate. The experimental results indicate that the slurry
with the viscosity about 2000-5000 mPa-s can be extruded
continuously and uniformly.

The printing parameters include the nozzle diameter (d,,),
pressure (p), platform moving velocity (v,), the gap between
the nozzle and the platform (h), etc., which greatly affect the
controllable printing of glass-ceramic substrate. The surface
roughness (Ra) and thickness of the substrate are mainly
related to d,, and h. The smaller the nozzle diameter d,, used,
the easier the smooth and thin substrate to be obtained. The
value of h should be carefully considered according to d,
and properties of slurry. If /i is too high, the deposition of
the slurry will not be accurate. If it is too low, many traces
appear on the surface because of the agitation of the nozzle.
The continuous and stable printing process also requires the
match of v, and air pressure p, as p determines the outlet
velocity of slurry (v). In general, we need to ensure that

v, is equal to v, for stable printing, and their speed should
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TABLE 1: Properties of printed glass-ceramic substrate.
Properties This work DuPont
Composition 60 %BSG+40 %alumina 951
Sintering temperature (°C) 875 -
Relative Density (%) 93.7 -
Dielectric constant, Er (3 GHz) 6.2 7.8
Dielectric loss, 1/ tan d (3 GHz) 0.0055 0.006
Bending strength (mPa) 156 -

not be too fast. It is assumed that the flow of slurry in the
nozzle is a laminar flow, and the slurry is an incompressible
uniform fluid with constant physical parameters. Based on
the motion analysis of slurry during extrusion, we can deduce
the relationship between v, and p as follows:

Ap+pgL R*

Pooul g2 M

where Ap = p- p,, p is the pressure applied on the slurry, p,

is atmospheric pressure, p is the density of fluid fills in the

syringe, L is the height of fluid fills in the syringe, u is the

viscosity of slurry, R is the radius of syringe, and d,, is the
diameter of nozzle.

As a result, borosilicate glass-alumina LTCC substrate
with controlled size and smooth surface was obtained. It was
comparable to commercial substrates, such as DuPont 951 [3].

The ideal LTCC substrate materials should possess several
characteristics such as low dielectric constant (below 10)
and low dielectric loss, high thermal conductivity, robust-
ness against environmental stress, and low cost [5]. Table 1
shows the physical and dielectric properties of the printed
borosilicate glass-alumina substrate in this study and the
comparison with Dupont 951 [3]. The relative density of the
LTCC substrate reaches 93.7 % after being sintered at 875 -C
for 2 hours, and the average bending strength is 156 mPa. The
dielectric constant €r at 3 GHz is 6.2 and the loss 1/tan
is 0.0055. The value of Er is smaller than that of calculated
by the equation derived by Penn et al. [6]. The reduction of
Er can be attributed to the relative density of ceramic-glass
composites. As can be seen from Figure 3(b), there are some
micro-pores still existing in the substrate that can reduce the
dielectric constant of the material effectively. The pores in the
substrate also led to lower dielectric loss and lower bending
strength. Hence, the observed properties indicate that the
printed glass-ceramic substrate can be a possible candidate
for LTCC substrate applications.

4. Conclusion

A novel method to prepare LTCC substrate based on 3D
printing was proposed and preliminarily studied. A dual-
nozzle hybrid printing system was developed for this pur-
pose. Borosilicate glass-alumina LTCC substrates with con-
trolled size and thickness were successfully manufactured
in this work. To achieve high quality printing, the viscosity
of slurry was carefully tailored to 2000-5000 mPa-s; the
printing parameters should also be optimized accordingly.
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The printed substrates are characterized with smooth surface
(Ra=0.92 um), low dielectric constant and loss (€r=6.2,
1/ tan §=0.0055, at 3 GHz), and proper mechanical strength
(156 mPa), which indicates the great potential for microwave
applications. In all, this method could simplify the traditional
LTCC technology and further experiment on integrated
printing of devices is in progress.
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