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An Al2O3/YAG: Ce3+ ceramic phosphor was fabricated for high-ﬂux laser lighting using the digital lighting
process (DLP)-based 3D printing method for the ﬁrst time. The photocurable ceramic suspension for 3D printing
was prepared by blending well-treated Al2O3/YAG: Ce3+ composite powders with photosensitive resin monomers and photo-initiators. The printing parameters, debinding and sintering processes were designed delicately
to fabricated the dense sub-millimeter-sized cylinder ceramic with high dimensional accuracy. The ceramic
showed excellent luminescence property under blue laser excitation with a threshold of 20.7 W/mm2, higher
than that prepared via dry-pressing followed by vacuum sintering. The luminescence properties and the microstructures of both ceramics were further comparatively investigated to ﬁnd the possible interpretations for
improvement of laser ﬂux for the 3D-printed ceramic. The present work indicated that the new developed 3D
printing method was promising for preparing luminescent ceramics for high-ﬂux laser lighting in a rapid, effective, low-cost and precision-controlled manner.

1. Introduction
Ceramic phosphors are emerging as preferences in special lighting
technologies, especially the laser diode (LD)-based lighting with high
power density, due to their excellent thermal endurance property and
the thermal stability of luminescence compared with those of the resin
encapsulated phosphors or the phosphor in glasses (PiGs) [1–4]. After
several years’ research and development, the garnet-structured ceramics, such as YAG, LuAG ceramics, have been standing out from the
mostly studied ones, beneﬁting from their excellent optical as well as
thermal-stability properties [5,6]. In recent, a new type of Al2O3/YAG:
Ce3+ composite ceramics containing homogeneously distributed Al2O3
grains called “scattering centers” in YAG: Ce3+ ceramic matrix have
drawn much attention for the remarkable enhanced light extraction
eﬃciency and eﬀective thermal conductivity [7–10]. The commonly
used manufacturing methods for those ceramic phosphors such as drypressing [11], tap-casting [12], and gel-casting [13] are proved mature

and favorable to obtain ceramics with excellent luminescent performance, however, not eﬃcient or economical enough. For instance,
subjected to the forming technology, the ﬁnally obtained ceramics have
to be polished to remove impurities (e.g., graphite) on double-surfaces,
lapped to reach desired thickness and incised to the designed shapes or
geometric conﬁgurations before they can be encapsulated onto optical
modules. Moreover, the mentioned forming technologies may be confronted with inconveniences that complex instrument systems such as
high-pressure or high-voltage systems, costly procedures including
cold-isostatic pressing, or easily consumable molds such as graphite
molds or boron nitride coated carbon molds should be partially or simultaneously imported [14–16]. Thus, the complex procedure would
inevitably lead to an increase of production cycle and the cost. Meanwhile, leftover materials would take up much costing once ﬁnal products with complicated conﬁgurations are needed. To be noticed, for
LD-based lighting, a ceramic with ultra-small and thin features are
generally preferred as it can be used as a quasi-point source [4]. In this
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powder mixture. Secondly, a suspension suitable for 3D printing was
prepared by mixing the mixture with the commercial photocurable
resins purchased from Ausbond Co., Ltd. (Shenzhen, China) and a small
amount of hexanediol diacrylate. The suspension with a mass fraction
of 77.8% for the powder mixture was ﬁnally obtained by further milling
for 12 h for more uniform distribution. Thirdly, the DLP 3D printing
procedure was conducted to create the Al2O3/YAG: Ce3+ green bodies
from the computer-aided design (CAD) model with a lateral resolution
of 10 μm and layer thickness of 30 μm, using the 3D printing technology
development by ADMATEC Europe BV, the Netherlands. The debinding
process was then carried out in several temperature stages according to
the decomposing temperatures of the polymers as well as the TG/DSC
curves. The dense ceramics with excellent performance were obtained
after a further high temperature (1720℃) sintering process under vacuum and an annealing process were conducted. The ceramic was
simply processed into slices with a thickness of 0.2 mm for diverse
characterizations. For luminescence property comparison, a drypressing and vacuum sintering method was also applied to fabricate the
Al2O3/YAG: Ce3+ composite ceramic, using the same Al2O3/YAG: Ce3+
powder as mentioned above. The forming and sintering processes followed our previous work [8]. A line cutting procedure was processed to
divide the pellets into slices with the same thickness as that of the 3Dprinted sample. Then laser beam cutting was adopted to incise the thin
ceramics to get desired conﬁgurations.
The thermogravimetry (TG) and diﬀerential scanning calorimetry
measurements of the green body were made using an STA449C analyzer, NETZSCH, Germany at a heating rate of 10 ℃/min in air. Phase
composition of the ﬁnal composite ceramic was characterized in the 2θ
range from 10° to 80° with a step of 0.02°, using the micro-region X-ray
diﬀraction (XRD) on a Bruker D8 Discover diﬀractometer with Cu Kα
radiation (λ = 1.54056 Å). Scanning electron microscopy (SEM,
Hitachi S-4800, Japan) equipped with an energy dispersive X-ray
spectroscope (EDS, Oxford X-MaxN 80, Cambridge, UK) was used to
observe the microstructure and conﬁrm the composition of the ceramic.
Therein, the backscattered electron (BSE) mode was used to visualize
the thermal-etched surface and fracture surface of the prepared ceramic
for better distinguishing the distribution of diﬀerent polycrystals in the
ceramic. The ceramic was then encapsulated on a heat sink for the laser
activated photoluminescence evaluation. The luminescence spectra and
the light yield were recorded on a home-made instrument containing a
455 nm laser, an integrating sphere, ﬁber sensors and the computer
system. The micro-lenses were used to conﬁne the spotlight of the laser
beam.

circumstance, a new forming strategy should be involved to prepare
ceramics with small and precise dimensions more eﬃciently.
Three-dimensional (3D) printing is a new emerging technology
creating ceramics by adding materials to form components with complex geometries according to computer-added designs (CAD) with almost no waste of raw materials while reaching satisfactory geometric
accuracy [17], which have been actively developed in preparing ceramics including structural ceramics [18], ceramic-matrix composites
[19], bio-active ceramics [20,21], and other functional ceramics, e.g.,
SiBCN ceramics with high thermal stability and excellent oxidation
resistance [22]. G. A. Dosovitskiy [23] ﬁrstly reported a ceramic scintillator with complex conﬁguration using 3D printing method. The
ceramics exhibited challenging scintillation characteristics which can
be largely ascribed from the well-designed geometries. However, the
dimensional accuracy which was generally recognized as the other
superiority of 3D printing was not demonstrated. More importantly, to
our best knowledge, almost no further attentions have been paid to
prepare the luminescent ceramics for laser lighting via 3D printing
method, probably due to the not easily regulated defects in ceramics
during forming and sintering, but the extreme demands for ceramics to
sustain the laser irradiation with high power density.
In the present work, a 3D printing strategy was adopted to prepare
the Al2O3/YAG: Ce3+ ceramic phosphor based on our previous study
[8]. The dimensional characteristics were precisely controlled via regulating the photocurable resins, the composition of ceramic suspensions
along with the printing parameters. The luminescence property under
laser irradiations and the microstructure of the ceramic phosphor were
emphatically elaborated and compared with those of the ceramic prepared via the traditional dry-pressing forming method.

2. Experimental procedures
An Al2O3/Y3Al5O12: Ce3+ (Al2O3/YAG: Ce3+) composite ceramic
was ﬁrstly prepared via the high-end digital lighting processing (DLP)
3D printing technology. In the composite material, 0.4 mol.% Ce3+ ions
were introduced to replace the corresponding Y3+ sites and the additional Al2O3 grains with a volume fraction of 22% acted as the scattering centers to enhance light extraction [8]. The preparation process
was schematically presented in Fig. 1. Firstly, the composite powders
composed of Al2O3, Y2O3, CeO2, and a small fraction of sintering additives (TEOS and MgO) were weighed stoichiometrically and mixed
thoroughly by ball-milling in ethanol. The slurry was dried at 60℃,
grounded and sieved through a 200-mesh screen, followed by calcining
at 900℃ for 2 h to obtain homogenously distributed sub-micron-sized

Fig. 1. The schematic diagram of the procedure for the preparation of the Al2O3/YAG: Ce3+ composite ceramic phosphor via 3D printing.
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Fig. 4. TG-DSC curves of the printed green body of Al2O3/YAG: Ce3+ (heating
rate, 10 ℃/min).

Fig. 2. Scanning electron microscopy (SEM) photograph of the powder mixture
calcined at 800 ℃ for 3 h.

polymers (22 wt.%) which should be removed from the interspace between ceramic particles. Thus, the calcination temperature and the
heating rate were well designed to provide suﬃcient time for polymerization and evaporation. The TG-DSC curves were recorded to determine the heat-treatment procedure, as presented in Fig. 4. Heating
(heating rate, 10 ℃·min−1) and pyrolysis led to a mass loss, registered
by TG. The mass change of the printed preceramic occurred steadily
from room temperature to 500℃, mainly in two steps, corresponding to
diﬀerent decomposition processes. The ﬁrst step occurred below 230 ℃
with a weight loss of 1.98%, which might be ascribed to the evaporation of oligomers with low molecular weight. The second step happened
in the temperature range from 230 to 520 ℃ with a total weight loss of
20.02%, during which the organic moiety and the crosslinked acrylate
in the preceramic could decompose thoroughly. Above 520 ℃, the mass
change was milder, indicating the conversion from polymer solidiﬁed
preceramic to ceramic was almost completed. The residual weight for
the ceramic was 78%, which was consistent with the component of the
ceramic suspension with a mass fraction of 77.8%. The ceramic yield of
the present study is much higher compared to the photocurable preceramic reported in the previous researches on oxide ceramics [23],
which would contribute to the densiﬁcation of the ceramic. During the
second mass loss stage, three exothermic peaks at around 217, 393, and
474.5℃ could be found obviously, registered by DSC. These thermal
eﬀects probably corresponded to pyrolysis of the crosslinked polymers.
As the polymers were decomposed thoroughly, the rearrangement of
the ceramic particles occurred and the ceramic started to shrink and
densify. Due to the precise control of the heating rate at diﬀerent
temperature regions, almost no cracks were found in the bisque
ceramic.
For the purpose of providing the ceramic bisque with enough mechanical strength, the pre-sintering temperature was set up to 1000 ℃.
After that, the ceramic bisque was transferred into a tungsten furnace
and further sintered at 1720 ℃ for 3 h in vacuum. Fig. 5 shows the XRD
pattern of the Al2O3/YAG:Ce3+ ceramic prepared via 3D printing

3. Results and discussion
Our strategy for preparing the Al2O3/YAG: Ce3+ composite ceramic
with sub-millimeter features (900 μm in diameter, 5 cm in length) via
the DLP based 3D printing has been elaborately depicted (Fig. 1) and
proved eﬃcient and exquisite, especially for those functional materials
with complex shapes, ultra-small sizes or hierarchical structures. The
powder mixture of Al2O3/YAG: Ce3+ was ﬁrstly carefully prepared
through ball-milling, grinding, sieving, and pre-sintering, in order to
prevent severe agglomeration and keep good ﬂowability. Morphology
of the prepared Al2O3/YAG: Ce3+ powder mixture was shown in Fig. 2,
from which one can ﬁnd that the powder mixture was dispersed
homogenously with less agglomeration. This may conﬁrm a high-density green body with less cracks or other defects [24].
DLP 3D printing is a layer-by-layer assembly technique upon which
the photocurable ceramic suspension rapidly solidify selectively via
gelation with the assistance of 405 nm light source and the DLP project
[25,26]. The exposure time/intensity parameters are adjusted to satisfy
the photopolymerization ability of the resin system and determine
thickness of each cured layer. In the present study, the exposure parameters were carefully designed, as shown in Fig. 3(a), the boundaries
between each layer were distinguishable, the thickness could be evaluated to be 30 μm. Due to the limitation of the bonding strength, defects
still existed on the interlaminations. Fortunately, the interactions of
each layer were strengthened as soon as the green bodies were cured
carefully under relatively high temperature of 1000℃, as shown in
Fig. 3(b). During heat-treatment, most of the polymers were decomposed, leaving the ceramic particles to stack freely ﬁrstly and followed
by a densifying process due to the driving force of high temperature. As
a result, the boundaries became blurring, and most defects were eliminating gravitationally. The heat-treatment process should be deliberated to avoid delamination, crack, deformation or warping. These
phenomena occurred occasionally due to the high mass fraction of the

Fig. 3. SEM images of (a) the printed green body and (b) the bisque of Al2O3/YAG: Ce3+ treated at 1000℃ for 2 h.
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Fig. 5. XRD pattern of the 3D printed Al2O3/YAG:Ce3+ ceramic. Inset shows
the appearance of the ceramic with ﬁne dimensions.

followed by vacuum sintering, indicating the existence of the second
phase - Al2O3 in YAG (JCPDS: 33-0040) matrix. The Al2O3 crystals have
been veriﬁed to be scattering centers for luminous eﬃciency increase
[7,8,27,28], as well as beneﬁcial medium for enhancing the eﬀective
thermal conductivity [4,10,29]. The inset shows the photograph of the
Al2O3/YAG:Ce3+ ceramic with small diameter of 900 μm which was
prepared as designed and no post-processing was conducted apart from
incising into slices, indicating that the dimensional accuracy can be
ensured using the present ceramic suspensions and the 3D printing
parameters. It also demonstrates the virtually unlimited possibilities of
3D printing technology.
The cylinder ceramic was incised into slices with a thickness of
0.2 mm by single wire cutting and then thermal-etched at 1500 ℃ in air
before laser activated photoluminescence evaluation. The microstructure of the composite ceramic was observed by SEM and the phase
composition was indicated by EDS. Fig. 6(a) showed the surface of the
ceramic, in which crystal grains with two distinguishable contrasts
were conﬁrmed to be YAG: Ce3+ (spectrum 1#) and Al2O3 (spectrum
2#) by EDS spectra in Fig. 6(c) and (d), respectively, which was

Fig. 7. Photoluminescence emission spectrum of the 3D printed Al2O3/YAG:
Ce3+ ceramic. Inset shows the conﬁguration of the simple module that ceramic
was adhered onto the sapphire substrate (upper) and the illumined image with
laser irradiation (below).

consistent with the XRD result. The crystal grains of YAG were homogeneous with a mean size of 3˜5 μm, no abnormally grown grains could
be found in Fig. 6(a). Al2O3 grains were randomly dispersed among
YAG crystal grains, whose crystal sizes were about 1˜2 μm, slightly
smaller than those of YAG, indicating that the powder mixture could be
kept uniform and steady in the polymer containing suspension. Furthermore, from the side view (cross-section) of the ceramic shown in
Fig. 6(b), one could also deduce that the side surface was smooth and
the dimensional precision was well controlled. More importantly, the
ceramic was dense enough that no pores were found in the grains or on
the grain boundaries. This was attributed to the optimized components
of the ceramic suspension, well-designed 3D printing parameters and
properly regulated de-binding and sintering procedures. It also should
be noted that no cracks could be found from both the surface and the

Fig. 6. (a) BEI of the thermal-etched surface of the Al2O3/YAG: Ce3+ ceramic and the scanning sites labeled by Spectrum 1and 2; (b) BEI from the side view of the
columnar ceramic; (c) and (d) are EDS analysis of spectrum 1 and spectrum 2, respectively.
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Fig. 8. (a) Spectra of the penetrated excitation laser light and the luminescence from the Al2O3/YAG: Ce3+ ceramic prepared via 3D printing; (b) intensities of both
the penetrated light and the converted light as a function of pumping power.

Fig. 9. Photographs of the emission light from Al2O3/YAG: Ce3+ ceramic prepared via 3D printing, under diﬀerent excitation laser powers. (a) 0.25 W; (b) 1.45 W; (c)
1.62 W.

Fig. 10. (a) Spectra of the penetrated excitation laser light and the luminescence from the Al2O3/YAG: Ce3+ ceramic prepared via dry-pressing; (b) the plots of the
emission intensity versus the excitation power for the ceramic-phosphors prepared via 3D printing and dry-pressing method.

Fig. 11. Photographs of the emission light from Al2O3/YAG: Ce3+ ceramic prepared via dry-pressing, under diﬀerent excitation laser powers. (a) 1.1 W; (b) 1.45 W.
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density.
The ceramic slice (φ900 μm × 200 μm) was further encapsulated
onto a sapphire substrate using the thermal conductive adhesive, as can
be clearly observed in the inset of Fig. 7. The laser light spot was
modulated to be the round shape with a diameter of 300 μm using
optical lenses. Once the ceramic was irradiated by the laser light
(455 nm), strong luminescence was observed. The emission spectrum
was recorded in Fig. 7, which was found to be typical spectrum for YAG:
Ce3+ garnet with a symmetric conﬁguration centered at around
550 nm. The result conﬁrmed that the Ce3+ crystalline ﬁeld surrounding perfectly corresponded to YAG garnet structure.
The power of the laser was tailored by controlling the electrical
current and recorded using a dynamometer. The spectra of the converted light as well as the penetrated blue laser were recorded under
various laser power ranging from 0.25 to 1.62 W, as presented in
Fig. 8(a). The intensity evolution of penetrated light and the converted
light was recorded in Fig. 8(b). It can be found that with increasing
excitation power, the intensity of the penetrated blue laser increased
monotonously, however, the intensity of the converted yellow light
deviated from continuous increase and started to drop as the pumping
power reached up to 1.62 W, indicating that the conversion eﬃciency
has been beyond saturation. The threshold of the 3D-printed ceramic
was evaluated to be about 20.7 W/mm2 in the present experimental
condition. Fig. 9 displays the photographs of the emission light with
diﬀerent power intensity excitation. The emitted yellow light intensity
enhanced ﬁrstly with increasing pumping power (Fig. 9(a) and (b)),
however, further increasing the pumping power (up to 1.62 W) led to a
dramatic penetration of blue laser with less yellow light conversion, as
shown in Fig. 9(c). The variation in the appearing colors should be
intrinsically ascribed to the thermal-induced disturbance of transitions
of electrons. As irradiated by laser light with low power density, the
thermal eﬀect should be neglectable for the reason that the heat dissipated quickly from the ceramics. Once the power density of irradiation increased beyond a critical point, the thermal eﬀect enhanced remarkably. With the assistance of the intense phonons, more electrons
could be successfully excited to the conduction band (CB) and the
trapping probability from the CB to the traps increased due to thermal
ionization [30], leading to quenching of the luminescence. Furthermore, the accumulated heat would cause more serious heat generation
due to stokes shifts of Ce3+. Therefore, the threshold of laser power

Table 1
The color coordinates for both dry-pressed and 3D-printed ceramics under laser
irradiation with increasing laser power density.
Laser Power (W)

0.25
0.42
0.79
1.10
1.45
1.62

Color coordinates (x, y)
3D-printed ceramic

Dry-pressed ceramic

(0.325,
(0.322,
(0.319,
(0.316,
(0.312,
(0.305,

(0.303,
(0.301,
(0.296,
(0.294,
(0.289,
/

0.410)
0.400)
0.389)
0.381)
0.372)
0.350)

0.359)
0.352)
0.346)
0.339)
0.306)

Fig. 12. CIE-1931 chromaticity diagram of the Al2O3/YAG: Ce3+ ceramic
phosphors prepared via conventional dry-pressing and 3D printing. The inset
shows the magniﬁed variation tendency.

side surface, demonstrating the excellent structural strength and ﬁne
microstructures. This might beneﬁt a lot to the photoluminescence
properties, especially as the sample was activated with high power

Fig. 13. Microstructure observation of the ceramics after high-ﬂux laser irradiation. Fracture surface of the ceramic prepared via (a) 3D printing and (b) conventional
dry-pressing method, respectively; Side view(c) and its magniﬁed image (d) of the dry-pressed columnar ceramic incised from a large ceramic slice via laser cutting.
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density as well as luminous ﬂux for the ceramic phosphors should have
potentials to be improved by appropriate thermal management.
For comparison, the Al2O3/YAG: Ce3+ ceramic was prepared at
1720 ℃ via the dry-pressing and vacuum sintering method, as depicted
in our previous study [8]. The composition of the powder, including the
incorporated sintering additives and the Ce3+ concentrations, was totally the same as that used in 3D printing. The obtained ceramic was
about 16 mm in diameter and 2 mm in thick. It can be ensured that the
ceramic prepared by the conventional method was also provided with a
dense microstructure. In order to obtain the same size (φ900 μm ×
200 μm), the as prepared ceramic by dry pressing has to be further
processed ﬁrstly by a line cutting procedure and followed by a laser
beam cutting. The line cutting other than double-face polish process
was adopted to divide the thick ceramic into thin slices with less material wastage. The new developed laser beam cutting was used to incise
the desired tablet from the φ 16 mm-seized slices with accuracy. Then
the piece of ceramic was encapsulated onto a sapphire substrate using
the same method, the laser spot size was also focused to φ 300 μm in
diameter. In this circumstance, the photoluminescence property was
characterized for comparison with that of the ceramic prepared via 3D
printing, as shown in Fig. 10(a). It can be found that both the penetrated laser light and the converted yellow light showed almost the
same variation tendency as that of the ceramic prepared via 3D
printing. However, the diﬀerence was also conspicuous that the emission intensity began to decline sharply as the excitation power was
higher than 1.1 W, much lower than the threshold of 1.45 W of the 3D
printed ceramic. In order to ﬁgure out the relationship between emission intensity and the pumping power, the plots of the emission intensity versus the excitation power for the ceramic-phosphors prepared
via 3D printing and dry-pressing method were exhibited in Fig. 10(b),
respectively. Although the dry-pressed ceramic showed a little higher
emission intensity at low laser power excitation, the 3D printed ceramic
showed higher intensity once the pumping power exceeded 0.25 W. The
excitation threshold of the dry-pressed ceramic was calculated to be
15.7 W/mm2, lower than that of the 3D-printed ceramic. Moreover, the
slope of the 3D-printed ceramic was also higher. Fig. 11 showed the
photographs of the emission light from Al2O3/YAG: Ce3+ ceramic
prepared via dry-pressing under 1.1 W and 1.45 W laser excitation,
respectively. It can be clearly seen that much proportion of the blue
laser has penetrated though the ceramic while with less converted light
extraction, causing the screen even to burned out as the laser power
increased to 1.45 W. Compared with the phenomenon shown in Fig. 9,
the 3D-printed ceramic showed much superior light conversion property than that of the dry-pressed ceramic, which was consistent with the
luminescence spectra in Fig. 8 and Fig. 10. The conclusion can be
conﬁrmed more intuitively from the color coordinates exhibited in
Table 1 and those plotted on the CIE-1931 chromaticity diagram, as
shown in Fig. 12. For both ceramics, the blue laser light increased more
intensely than the converted yellow light, leading to a variation of color
coordinates ranging from (0.325, 0.410) to (0.312, 0.372) and (0.303,
0.359) to (0.289, 0.306) for the 3D-printed and dry-pressed ceramics,
respectively, under irradiation ranging from 0.25 to 1.45 W. The results
indicated that the 3D-printed ceramic exhibited higher light conversion
eﬃciency. This phenomenon should be explained from the viewpoint
that diﬀerences exist in thermal management property between the 3Dprinted and the dry-pressed ceramics according to the analysis in the
paragraph above.
The microstructures of the ceramics fabricated via two diﬀerent
methods were observed using SEM, after high-ﬂux laser irradiation, as
shown in Fig. 13. The secondary phase of Al2O3 dispersed homogenously in the YAG matrix of both ceramics and no cracks or obvious
damages were observed in Fig. 13(a) and (b), indicating that the decline
of luminescence intensity was not ascribed from the damage of the
microstructure of the ceramics. Fig. 13(c) showed the side view of the
columnar ceramic incised from the dry-pressed ceramic, the particles
were not compactly stacked as the fracture surface shown in Fig. 13(b).

During the incision process, a laser beam with a peak laser intensity of
1012 W/cm2 rank was used. The morphological change was mainly due
to the laser energy accumulation, according to the Wagner’s theory
[31]. The laser processed region experienced evolutions including
melting, grain boundary diﬀusion and dislocation diﬀusion, and ﬁnally
submicron-sized particles (0.5˜1 μm) appeared in the laser processed
region, as displayed in Fig. 13(d). In our viewpoint, the loose microstructure on the columnar side has led to a discretization of thermal
conductive behavior and an enhanced phonon scattering on the heterointerface, thus, the heat transport from side face was hindered. On
the contrary, SEM of the 3D-printed ceramic observed from the side
view (Fig. 6(b)) exhibited compact microstructure because of unconﬁned grain growth. Moreover, no post processing was adopted to
damage the surface beneﬁtting from regulated 3D printing, thus, heat
transport happened on all around surfaces more easily. As morphologies or adhesion conditions of upper/down surfaces are kept the same,
the cross-section may contribute mostly to the heat transport [32].
Therefore, the 3D-printed ceramic exhibited superior thermal management property and higher threshold of laser ﬂux.
4. Conclusions
A DLP-based 3D printing approach was demonstrated in the present
work to obtain ceramic phosphors with ﬁne dimensions (φ = 900 μm)
for laser lighting. The composition of the Al2O3/YAG: Ce3+ ceramic
powders was based on our previous study with which high luminous
eﬃciency was guaranteed using the conventional dry-press followed by
vacuum sintering method. The mass content of the ceramic suspension
for 3D printing was optimized to 77.8%, which contributed to the
densiﬁcation of green bodies and the precision dimensions of the ﬁnal
ceramic product. The spot size of the laser light was focused to 300 μm
in diameter for laser lighting characterizations. The luminous intensity
was increasing monotonously under the laser irradiation below 1.62 W.
However, it began to decline with further increased laser power, due to
the thermal ionization in the luminescent center of Ce3+. Both of the
dry-pressed and 3D-printed ceramics were comparatively studied. The
threshold of laser ﬂux for the 3D-printed ceramic was estimated to be
20.7 W/mm2, higher than that of the dry-pressed one (15.7 W/mm2).
The diﬀerence in the excitation saturation property was ascribed to the
microstructure-related thermal management property of the ceramics.
Further improving the microstructures of the ceramics via optimizing
the suspension compositions, the printing parameters as well as the
debinding and sintering procedures would contribute to higher laserﬂux-sustaining ceramic phosphors for high-ﬂux laser lighting.
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