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ABSTRACT  
Digital light processing (DLP) enables high-resolution and efficient ceramic additive 
manufacturing, yet the fabrication of large-scale, crack-free ceramic parts remains severely 
constrained by critical defects arising during debinding and sintering. To address this challenge, 
we propose an approach leveraging honeycomb sandwich structures with perforated sidewalls 
to mitigate crack formation. Key structural parameters, including the outer wall thickness (a) 
and honeycomb cell characteristics such as sidewall height (h), length (l ), thickness (t), and 
perforation diameter (d ), are systematically investigated to evaluate their effects on 
manufacturability and mechanical performance. The characterisations of sintered ceramic parts 
further elucidate the mechanism of crack formation and validate the approach in this work. 
Through a comprehensive consideration of fabrication limits, slurry discharge efficiency and 
mechanical behaviour, the honeycomb sandwich structure with optimised structural parameters 
exhibits superior mechanical properties after sintering, achieving more than twice the specific 
modulus and specific strength of the solid references with the same overall dimensions in 
three-point bending tests. This work provides valuable guidelines for the structural design and 
fabrication of honeycomb sandwich ceramic structures to achieve large-scale crack-free ceramic 
parts, demonstrating great promise for lightweight applications.
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1. Introduction

Ceramic materials are extensively used in aerospace [1– 
4], electronics [5–7], biomedical engineering [8–10], and 
many other fields [11–14] due to their high strength, 
stiffness, and excellent thermal and chemical stability 
[15–17]. Additive manufacturing (AM), also known as 
3D printing, offers greater flexibility in fabricating 
ceramic parts with complex geometries compared to 
conventional methods such as dry pressing [18,19], 
injection moulding [20,21], and tape casting [22,23]. 
Among various AM techniques, digital light processing 
(DLP) has emerged as one of the most promising tech
nologies for fabricating intricate ceramic parts due to 
its high printing resolution and production efficiency. 
However, for large-scale ceramic parts with bulk/wall 
thicknesses of several tens of millimetres, the debinding 
process becomes particularly challenging [24,25], as the 
thermal decomposition of organics releases gaseous 
products that accumulate within the green body, 

generating internal stresses that induce pores, micro
cracks, and delamination [26]. This issue tends to be 
more pronounced in DLP 3D-printed ceramics, where 
the inherently weak interlayer bonding regions are 
prone to microcracking under such stresses; during the 
subsequent sintering stage, nonuniform shrinkage and 
thermal gradients can further aggravate these defects, 
leading to macroscopic cracking and even the formation 
of new flaws [26]. These obstacles collectively pose a sig
nificant challenge to the reliable fabrication of large- 
scale ceramic parts.

To mitigate failure risks in large-scale ceramic parts 
during debinding and sintering, researchers have pro
posed several approaches: (1) incorporating non-reac
tive ingredients followed by low – temperature pre- 
debinding to create microchannels that facilitate pyrol
ysis product evacuation and reduce internal stresses 
[24,27]; (2) extending the debinding time to minimise 
defect formation [28,29]; (3) fully embedding the 
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ceramic green bodies in ceramic powder to achieve a 
more moderate debinding rate and uniform tempera
ture distribution, thereby enhancing part quality [30]. 
However, since these approaches primarily focus on 
material modification and thermal process optimisation, 
their adaptability in different material systems is con
strained and may also reduce production efficiency. 
Moreover, these approaches still face the risks of 
failure as the part size increases, and in previous works 
[24,31,32], the maximum size of solid ceramic parts is 
limited to approximately 20 mm. In this context, struc
tural design provides an alternative approach to miti
gate the risks of cracking during the thermal treatment 
of large-scale ceramic parts [33].

Honeycomb sandwich structures, known for their 
high specific strength [34] and tunable anisotropic 
stiffness [35,36], have been widely applied in the light
weight design of various materials [37–39]. Furthermore, 
the honeycomb structure is a representative type of 
lattice structures [40]. The research on this structure 
can be easily extended to other similar structures. 
However, traditional design strategies for honeycomb 
structures have primarily focused on optimising mech
anical performance or other functional properties [41– 
43], with little attention paid to the influence of struc
tural parameters on cracking during debinding and 
sintering of ceramic parts. In ceramic DLP printing, 
numerous isolated chambers in honeycomb sandwich 
structures can trap a significant amount of uncured 
slurry, which is difficult to remove. Therefore, it is necess
ary to redesign the honeycomb sandwich structures and 
conduct systematic studies on slurry discharge efficiency 
and structural mechanical performance, to enable the 
manufacturing of large-scale, high-performance, and 
defect-free ceramic parts.

Here, we report a simple yet versatile approach that 
enables the fabrication of large-scale ceramic parts. 
The approach involves designing the interior of the 
parts as honeycomb structures with perforated sidewalls 
to mitigate defect formation during debinding and sin
tering processes. In this approach, the honeycomb struc
ture effectively reduces the bulk/wall thickness of the 
printed body, thereby shortening the diffusion path of 
pyrolysis products during debinding and ultimately miti
gating the issue. Perforations in the sidewalls intercon
nect the honeycomb chambers, facilitating the 
discharge of slurry within the honeycomb structure. 
We have designed a series of models to assess the man
ufacturing limits of the honeycomb sandwich structures 
and systematically investigated the effects of various 
structural parameters on slurry discharge efficiency 
and the mechanical properties after sintering. For the 
sintered ceramic parts, the evolution mechanism and 

morphological characteristics of the cracks have been 
revealed clearly by micro-computed tomography 
(micro-CT) and scanning electron microscope (SEM) 
experiments. Three-point bending tests show that the 
optimised honeycomb sandwich specimens exhibit 
more than twice the specific strength and specific 
modulus of the solid references with the same overall 
dimensions. Finite element analysis (FEA) further eluci
dates the relationship between structural parameters 
and mechanical properties. This work demonstrates a 
feasible strategy for significantly increasing the achiev
able size of ceramics without compromising the struc
tural integrity of the outer surfaces, providing valuable 
guidance for the design and fabrication of large-scale 
ceramic honeycomb sandwich structures with great 
potential for lightweight applications.

2. Materials and methods

2.1. Raw materials and slurry preparation

Al2O3 powder (3.98 g/cm3, d50 = 0.5 μm, Shanghai 
Meipai Industrial Co., Ltd., China), 1,6-hexanediol diacry
late (HDDA, Bide Pharmatech Ltd., China), and polyethy
lene glycol diacrylate (PEGDA, Mw = 400, Shanghai 
Macklin Biochemical Co., Ltd., China) were used as raw 
materials. Diphenyl(2,4,6-trimethylbenzoyl) phosphine 
oxide (TPO, Bide Pharmatech Ltd., China) was used as 
photoinitiator, and KOS110 (Guangzhou Kangoushuang 
Trade Co., Ltd., China) as dispersant. Initially, the 
required mass of Al2O3 powder was calculated based 
on the target volume fraction, ranging from 40 vol% to 
55 vol% in increments of 5 vol%. HDDA, PEGDA, and 
Al2O3 powder were mixed with corresponding weight 
ratios. A fixed resin composition was used with HDDA: 
PEGDA mass ratio of 8: 2. The TPO dosage was 1 wt% 
relative to the resin, and the dispersant (KOS110) was 
5 wt% relative to the mass of Al2O3. Then the mixture 
was homogenised at 2000 rpm for 240 s and vacuum 
degassed under the absolute pressure approximately 
2 kPa in a single step using a vacuum planetary mixer 
(ZYMC-180HV, Shenzhen Zhongyi Technology Co., Ltd., 
China), followed by milling in a three-roll mill (ZYTR- 
50T, Shenzhen Zhongyi Technology Co., Ltd., China) to 
obtain homogeneous photosensitive slurries with 
different solid loadings.

2.2. Fabrication of ceramic honeycomb sandwich 
structures

All Al2O3 samples were printed on a self-built DLP-based 
ceramic 3D printing apparatus with a layer thickness of 
30 μm and a UV light intensity of 2.8 mW/cm2 at a 
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wavelength of 405 nm. After printing, the residual slurry 
trapped in the cavities of the honeycomb structure was 
removed using a self-built flushing apparatus. Then, the 
green bodies underwent debinding at 550℃ for 3 h in 
argon, and were subsequently sintered at 1600℃ for 
2.5 h in air to obtain dense ceramic parts. A tube 
furnace (GSL-1700X, Hefei Kejing, China) and a muffle 
furnace (KSL-1700X, Hefei Kejing, China) were employed 
to perform debinding and sintering processes, 
respectively.

2.3. Characterisation of ceramic slurry and green 
body

The viscosity of ceramic slurries was measured at 25℃ 
using a rheometer (Discovery HR-3, TA Instruments, 
USA) with parallel plates (diameter of 20 mm and gap 
size of 200 μm) over a shear rate of 0.1-1000 s−1. For 
photorheological experiments, a UV light source 
(405 nm, 8.8 mW/cm2) was attached to the rheometer 
to measure the photorheological properties, with the 
gap between the parallel plates set to 200 μm. The 
thermal gravimetric analysis (TGA, SDT Q600, TA Instru
ments, USA) was carried out in argon with a flow rate 
of 100 mL/min at a heating rate of 10℃/min. Morpho
logical observations were conducted with an optical 
microscope (DM401, TOMLOV, USA).

2.4. Crack characterisation of sintered ceramic 
parts

Microstructural characterisation was performed using a 
field emission scanning electron microscope (Apreo2 S 
Lovac, Thermo Fisher Scientific, Czech Republic) oper
ated at an accelerating voltage of 5 kV. Before obser
vation, the samples were sputter-coated with a thin 
layer of platinum using a vacuum coater (Q150TES, 
Quorum, UK) to enhance conductivity. Micro-computed 
tomography (micro-CT) analysis was conducted using a 
high-resolution micro-CT system (SkyScan 1172, Bruker, 
Belgium) operated at an X-ray source voltage of 80 kV 
and a current of 100 µA. The exposure time was set to 
5 s, and the voxel size resolution was 13 µm. The 
acquired 3D visualisation, as well as defect segmenta
tion, was performed using Dragonfly software (Object 
Research Systems, Canada).

2.5. Mechanical test

Three-point bending experiments of the ceramic honey
comb sandwich structures were conducted using the 
MTS machine (Model 43, MTS Systems Corporation, 
USA) equipped with a 10 kN load cell under a crosshead 

speed of 0.1 mm/min at room temperature. The samples 
were loaded along the vertical direction (printing direc
tion). Five samples of each group were tested.

2.6. Slurry removal experiment

The efficiency of slurry removal from honeycomb sand
wich structures with different perforation diameters 
was evaluated using a self-built flushing apparatus con
sisting of a rack fabricated by FDM printer (P1S, Bambu 
Lab, Shenzhen, China), a peristaltic pump (293KC/ZL- 
12V600R, JIHPUMP, Chongqing, China) provided a con
stant flow rate of 88 mL/min, a water tank, connecting 
pipes, and a microcontroller unit (Arduino Nano, 
Arduino, Italy) with a relay (JQC3F-05VDC-C, Weixin Elec
tronics, Shenzhen, China) for timing control. The removal 
efficiency was determined by measuring the change in 
specimen mass during the flushing process.

2.7. Finite element analysis

To investigate the mechanical performance of the sin
tered specimens, we use the commercial software 
ABAQUS/Explicit (V6.14, Dassault Systèmes Simulia 
Corp., USA) to simulate the three-point bending 
process. Since the ceramic is a brittle material, we 
adopted a brittle-fracture failure criterion in the numeri
cal simulations. This criterion is quite suitable for glass 
and ceramics. In this criterion, when the stress at an inte
gration point reaches the material’s fracture strength, 
local failure is triggered, and the corresponding finite 
element is deleted. This approach allows us to identify 
the crack initiation site during the simulation process. 
The material parameters of the ceramic were obtained 
from the three-point bending experiment.

3. Results and discussions

3.1. Defect evolution mechanism and the 
fabrication approach for large-scale, crack-free 
3D printing ceramic parts

The 3D-printed ceramic green body is a composite of 
ceramic powder and polymer matrix, which could be 
converted to a ceramic part after debinding and sinter
ing processes, but the thermal treatment process of 
3D-printed large-scale green bodies often leads to 
noticeable defects in the final ceramic parts.

Figure 1(a) illustrates the crack formation and micro
structural evolution mechanism of large-scale solid 
ceramic parts during debinding and sintering. In the 
green bodies, micropores may remain due to the inher
ently high viscosity of the ceramic slurry, which prevents 

VIRTUAL AND PHYSICAL PROTOTYPING 3



the complete removal of entrapped bubbles during 
printing. In the debinding stage, the polymer undergoes 
pyrolysis and produces gaseous products that diffuse to 
the surface of the green part through void channels. 
When the generation rate of gaseous products exceeds 
the diffusion rate, these gaseous products accumulate 
within the body, leading to an increase in internal 
stress and ultimately resulting in the initiation of micro
cracks. In DLP printing, the interlayer bonding regions of 
the green body exhibit relatively weak strength, making 

them preferential sites for microcrack initiation and 
propagation. Furthermore, the pre-existing pores 
within the green body can also evolve into microcracks. 
In the sintering stage, the part undergoes significant and 
anisotropic volume shrinkage, during which initial cracks 
further propagate and evolve into macroscopic cracks. In 
addition, new cracks may also be generated in this 
process due to non-uniform shrinkage and thermal gra
dients. Figure 1(b) presents the typical morphology of 
cracks owing to thermal treatment in large-scale 3D- 

Figure 1. Defect evolution mechanism, fabrication approach for crack-free parts, and structural features of large-scale, crack-free 3D- 
printed ceramic parts. (a) Schematic presentation of crack evolution during debinding and sintering. (b) Photograph of typical crack 
morphologies in ceramic parts. (c) Illustration of the DLP-based 3D printing apparatus. (d-e) An exploded view and geometry par
ameters of the ceramic green body with internal honeycomb structures. (f-g) The slurry removal process and the cleared cavities. 
(h-i) Evolution of large-scale ceramic parts with internal honeycomb structures from modelling to printing, debinding, and sintering.
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printed ceramic parts, where cracks are primarily distrib
uted along the interlayer bonding regions and extend in 
the direction perpendicular to the printing orientation. 
This indicates that these regions are preferential sites 
for crack initiation and growth, further confirming that 
the local internal stress increase caused by gas accumu
lation during debinding and the non-uniform shrinkage 
during sintering are the primary factors responsible for 
crack formation.

As illustrated in Figure 1(c), we print the large-scale 
green parts with internal honeycomb using a self-built 
high-resolution DLP-based 3D printer. In this system, 
an ultraviolet (UV) projector projects digitised UV light 
patterns to selectively cure the ceramic slurry containing 
photosensitive resin in a vat, and 3D objects are con
structed in a top-down, layer-by-layer manner on the 
build platform. Due to the high viscosity and poor self- 
leveling properties of the ceramic slurry, the system is 
equipped with a scraper to ensure uniform coating of 
the slurry. Figure 1(d) shows the structure of the 
printed part, which is a honeycomb sandwich structure 
with a closure edge essentially, consisting of a top 
surface with slurry outlets, a honeycomb core with per
forated sidewalls, peripheral closure walls and a 
bottom surface. The geometric parameters of the honey
comb core shown in Figure 1(d-e) include the outer wall 
thickness (a), core height (h), cell edge length (l ), wall 
thickness (t), and sidewall perforation diameter (d ). 
Figure 1(f-g) illustrates the slurry removal process, in 
which the residual ceramic slurry trapped in the cavities 
of the honeycomb structure during printing is evacuated 
through the perforations on the honeycomb sidewalls 
and outlets of the top surface. Figure 1(g) shows the 
cleared cavities after complete slurry removal.

Figure 1(h-i) presents the fabrication process of a 
cuboid with an edge length reaching 20 mm and a 
low-polygon ceramic duck with a maximum cross- 
section of 45 mm × 30 mm, detailing key stages includ
ing model design, printing, debinding, and sintering. 
Throughout this process, the parts maintain good struc
tural integrity and surface quality from the green state to 
the final ceramic part, with no visible cracks observed, 
thereby verifying the reliability of this method for fabri
cating large-scale, crack-free ceramic parts.

3.2. Slurry characterisation and fabrication 
process optimisation

In general, increasing the solid loading of ceramic slurry 
improves the quality of the sintered parts, but also raises 
the slurry viscosity, thereby making printing more 
difficult. Figure 2(a) shows the rheological properties of 
ceramic slurries with solid loading from 40 vol% to 55 

vol%. The viscosity increases with solid loading, and all 
slurries exhibit shear-thinning behaviour. Specifically, 
the viscosity of the 45 vol% slurry decreases from 
0.81 Pa·s to 0.42 Pa·s as the shear rate increases from 
10−1 s−1 to 103 s−1. Figure 2(b) presents the photorheo
logical behaviour of the 45 vol% slurry. At the beginning 
of the experiment, the liquid slurry exhibits low storage 
modulus (G’) and loss modulus (G”), with G” greater than 
G’. Upon UV exposure, both G’ and G” increase rapidly, 
whereas G’ rises more sharply. The intersection of G′

and G′′ denotes the gel point, at which the slurry tran
sitions from a liquid to a solid state. Figure 2(c) compares 
the gel point transition times at different solid loadings. 
Under the same light intensity, the gel point transition 
time increases with solid loading. However, excessive 
exposure energy can lead to overcuring, which is detri
mental to dimensional accuracy. Considering its 
balanced rheological and photorheological perform
ance, along with its acceptable solid loading, the 45 
vol% slurry is selected for printing.

To improve the quality of green parts, a critical con
sideration is the layer thickness during printing. 
Thinner layers generally provide higher forming accu
racy and better surface quality. Common layer thickness 
settings are 0.10 mm or 0.05 mm. In this work, a layer 
thickness of 0.03 mm is used. Empirically, the curing 
depth is typically designed to be 2–3 times the layer 
thickness to obtain strong interlayer bonding and 
avoid excessive internal stress [44]. As illustrated in 
Figure 2(d), we design a ladder-type structure [45] with 
the bridge suspended between two side supports for 
the quantitative measurement of curing depth at 
different exposure energies. The printed part in Figure 
2(e) was fabricated at a light intensity of 2.8 mW/cm2. 
The relationship between the curing depth (Cd) and 
exposure energy can be derived from Beer-Lambert’s 
law [45–47]:

Cd = Sd · ln
E
Ec

􏼒 􏼓

, (1) 

where Sd is the depth sensitivity determined by the 
intrinsic property of the slurry, and Ec is the critical 
energy density. Figure 2(f) shows the experimental 
result of curing depth as a function of exposure 
energy, which can be fitted as:

Cd = 53.82 · ln
E

8.74

􏼒 􏼓

. (2) 

The cure depth exhibits a good linear relationship with 
lnE. The critical energy density Ec is 8.74 mJ/cm2. At an 
exposure time of 11 s, the curing depth reaches ∼80 
μm, corresponding to 2.7 times the layer thickness. 
Based on these results, a light intensity of 2.8 mW/cm² 
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and an exposure time of 11 s are selected for subsequent 
printing.

Another factor limiting high-quality parts is that the 
honeycomb core is composed of thin-walled structures, 
which are highly sensitive to overcuring during printing. 
This results in a significant deviation of the printed 

sidewall thickness from the target value. The issue is par
ticularly pronounced in ceramic printing due to UV light 
scattering by ceramic particles. Therefore, in addition to 
optimising printing settings to control overcuring, 
dimensional compensation is necessary to improve geo
metric accuracy. To quantify the discrepancy, a 

Figure 2. Characterisation and process optimisation for ceramic slurry printing and thermal treatment. (a) Rheological curves of 
ceramic slurries with solid loadings ranging from 40 vol% to 55 vol% (corresponding Al2O3 weight fractions of 72.6 wt%, 76.5 wt 
%, 79.9 wt%, and 82.9 wt%). (b) Photorheological curves of the 45 vol% slurry. (c) The time to gel point as a function of solid 
loading. (d) Schematic of vertical ladder-type structure designed to measure curing depth. (e) Printed vertical ladder-type structure. 
(f) The curing depth as a function of exposure energy. (g) Schematic of a horizontal ladder-type structure designed to measure print
ing discrepancy. (h) Printed horizontal ladder-type structure. (i) Measured line widths and corresponding deviations from the target 
values. (j) TG-DTG curves of the printed green body. (k) Debinding and sintering schedules conducted under different gas atmos
pheres. (l) Linear shrinkage ratios of the final sintered parts along the X, Y, and Z directions.
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horizontal ladder-type structure with 7 lines is designed 
(Figure 2(g)) and printed (Figure 2(h)). The target line 
width (w0) ranges from 0.10 mm to 0.70 mm, with a 
0.30 mm gap between adjacent lines. However, due to 
the effect of overcuring, the actual line width (w1) 
exceeds the target width (w0). We define the discrepancy 
as excessive width (Δw = w1 – w0). As shown in Figure 
2(i), measurements reveal a consistent excessive width 
of ∼0.03 mm. Therefore, a pre-compensation value of 
0.03 mm can be applied to improve geometric accuracy.

The printed green body contains a substantial pro
portion of organic constituents that must be removed 
through debinding, followed by high-temperature sin
tering (1600℃) to produce the final ceramic part. To 
optimise the debinding process, the thermogravimetric 
(TG) and differential thermogravimetric (DTG) analyses 
were conducted to study the thermal decomposition 
of organics. As shown in Figure 2(j), the TG-DTG curves 
indicate that the organic constituents decompose pri
marily between 300–500℃, with a maximum rate near 
430℃. At 800℃, the total mass loss reaches ∼25%. 
The result is basically consistent with the composition 
of the selected slurry, which contains a ceramic mass 
fraction of 76.5 wt% (corresponding to a volume fraction 
of 45 vol%). According to the TG-DTG results, a two-step 
heat treatment process is conducted as shown in Figure 
2(k). The green bodies are heated gradually to 100℃ at a 
rate of 0.5℃/min, and held for 30 min to completely 
remove the residual water in cavities. Subsequently, 
the temperature climbs to 250℃ at 1℃/min and then 
to 430℃ at a rate of 0.25℃/min, and is held for 3 h to 
promote pyrolysis. Then the temperature rises to 
550℃ at a rate of 0.25℃/min, and is held for 3 h. 
Finally, the temperature increases to 800℃ at 2℃/min, 
and is held for 2 h before cooling down to 400℃ in 
2.5 h. The debinded body evolves a porous network 
structure composed of ceramic particles and exhibits 
minor linear shrinkage of ∼3%. For efficiency, the 
debinding and sintering processes are performed 
sequentially in a single tube furnace under different 
gas atmospheres, minimising unnecessary cooling and 
reheating. In the sintering stage, the temperature 
increases to 1000℃ at a rate of 0.25℃/min, and is held 
for 1 h. Then the temperature climbs to the peak of 
1600℃ in 3 h, and is maintained at this temperature 
for 100 min. After these steps, the ceramic parts are 
cooled down to room temperature in a tube furnace. 
The linear shrinkage of the sintered samples is presented 
in Figure 2(l). The results show anisotropic linear shrink
age behaviour: the X and Y directions exhibit similar 
shrinkage ratios, whereas the Z direction (printing direc
tion) exhibits markedly higher shrinkage. The anisotropic 
shrinkage is mainly attributed to the layer-by-layer 

printing process in the ceramic additive manufacturing, 
in which the weak interlayer bonding increases both the 
size and density of interfacial pores, resulting in more 
pronounced shrinkage along the printing direction 
[48,49].

3.3. Manufacturing limits and performance 
evaluation

Based on the optimised slurry composition and process 
parameters, we systematically investigate the fabrication 
limits and corresponding performance of various struc
tural parameters, including the outer surface thickness 
(a), cell height (h), cell side length (l ), cell sidewall thick
ness (t), and sidewall perforation diameter (d ), under the 
current processing conditions. The results provide useful 
guidelines for structural design.

3.3.1. Effect of green body thickness on crack 
evolution and mechanical properties
In ceramic honeycomb structures, the outer surface 
thickness has a significant influence on mechanical 
properties. However, excessive thickness may induce 
defects during debinding and sintering, thereby redu
cing the structure’s strength and stiffness. To evaluate 
this effect, three-point bending tests were conducted 
(Figure 3(a)). The test specimens, shown in Figure 3(b), 
had a total length (LT) of 60 mm and a square cross 
section with both width and thickness equal to a (a =  
1-5 mm). The ratio of span (L) to thickness (a) was kept 
constant across all samples.

Figure 3(c) presents the load-deflection curves for 
different thickness (a). Both the maximum load and 
deflection generally rise as a increases, although the 
deflection decreases when a = 5 mm. The flexural 
modulus (E) and flexural strength (σf) are calculated as:

E =
L3 F

4a4d
, (3) 

sf =
3FmaxL

2a3 , (4) 

where E is the flexural modulus, L is the support span, F is 
the load, a is the thickness of specimens, δ is the sample 
deflection, σf is the fracture strength, and Fmax is the frac
ture load.

Figure 3(d) shows the E and σf of samples with 
different a. When the thickness exceeds 3 mm, the 
flexural modulus gradually decreases from ∼200 GPa 
to ∼100 GPa. The flexural strength (σf) is more sensitive 
to thickness variations, which is about 350 MPa at a =  
1 mm, but drops sharply to below 120 MPa when a 
reaches 5 mm. Figure 3(e) shows the corresponding 
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fracture morphologies. Samples with smaller thickness 
exhibit good surface integrity and neat fracture surfaces. 
As the thickness increases, obvious defects and irregular 
fracture surfaces appear, resulting in reductions in both 
modulus and strength. These results highlight the 
importance of carefully controlling the outer surface 
thickness in ceramic honeycomb structures to achieve 
a balance between mechanical performance and 
manufacturability.

As mentioned, the thickness of the green body has a 
significant influence on the properties of the sintered 
ceramic product. This is because the intrinsic brittleness 
of ceramics makes them highly sensitive to cracks. With 
increasing green body thickness, more cracks tend to 
generate during the debinding and sintering processes. 
To investigate the relationship between the number and 
size of cracks in the final ceramic products and the green 
body thickness, the micro-computed tomography 
(micro-CT) and scanning electron microscope (SEM) ana
lyses were conducted on ceramic rods with square cross- 
sections ranging from 1 mm to 5 mm. Figure 4(a) shows 
the micro-CT images in which cracks are highlighted in 
red. No cracks are observed in the 1 mm edge-length 
sample. As the edge length increases beyond 2 mm, 
cracks gradually become more pronounced. The 
increase in crack size can be clearly seen in the SEM 
images (Figure 4(b)), where the size increases from 
∼20 μm to ∼150 μm as the edge length increases from 
3 mm to 5 mm. These cracks lead to the deterioration 
of mechanical properties. Therefore, in the design of 

the honeycomb structure, the wall thickness is set to 
below 1 mm to effectively avoid crack formation.

3.3.2. Fabrication limits of the core sidewalls
The honeycomb core is composed of periodic unit cells, 
whose sidewall thickness (t), side length (l ), and height 
(h) are critical parameters governing the geometric 
feature and mechanical properties of the structure. To 
systematically study the manufacturability limits associ
ated with these parameters, we design a manufactur
ability assessment and verification structure (MAVS), as 
illustrated in Figure 5(a). The MAVS adopts a ladder- 
type layout to emulate thin-walled honeycomb geome
tries with varying parameters. Within each MAVS model, 
all thin walls share the same thickness (t), while their 
height (h) increases along the negative X direction 
from 0.6 mm to 3.6 mm, and their length (l ) increases 
along the negative Y direction from 0.5 mm to 3.0 mm. 
The Z direction corresponds to the printing direction.

Figure 5(b-c) shows optical images of MAVS parts 
with t of 0.1 and 0.2 mm, respectively, revealing that 
variations in t, h, and l gradually influence the printing 
quality of the thin walls. As illustrated in Figure 5(d), 
printing quality is classified into no deformation (ND), 
minor deformation (MD), and large deformation (LD). 
Figures 5(e-f) present two-dimensional discrete heat
maps that evaluate printing quality within the (l, h) par
ameter space defined for each t value. For MAVS with t =  
0.1 mm, deformation severity increases with both l and 
h. Pronounced deformation or even structural failure 

Figure 3. Mechanical properties of ceramic samples with different thicknesses. (a) Schematic of the three-point bending test. (b) Geo
metry of the bending test specimens. (c) Load-deflection curves of samples with different thicknesses. (d) The flexural modulus (E) and 
fracture strength (σf) of samples with different thicknesses. (e) Optical images of fractured samples and corresponding fracture 
morphologies.
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may occur when h ≥ 2.4 mm or l ≥ 1.5 mm. In contrast, 
for MAVS with t = 0.2 mm, no notable deformation is 
observed within the tested parameter range. Overall, 
this method provides a clear framework for determining 
the design and fabrication boundaries of honeycomb 
sidewall length and height for a given wall thickness, 
as well as the minimum wall thickness required for 
specified length and height values.

3.3.3. Perforation size limit in fabrication and its 
influence on slurry removal efficiency
As aforementioned, perforations are introduced into the 
sidewalls of the ceramic honeycomb core to discharge 
residual slurry trapped in the internal cavities during 
printing. However, vertical perforations with circular fea
tures face more significant challenges in forming quality, 
as actual dimensions can markedly deviate from design 
values. This issue becomes more critical for small-sized 
perforations, where the circular features may disappear 
completely due to overcuring and distortion, resulting 
in blockage of the discharge pathway and thus prevent
ing slurry removal. As illustrated in Figure 6(a), based on 
previous printing settings, we design a structure with d 
ranging from 0.12 mm to 0.93 mm in increments (Δ) of 
0.09 mm, to systematically evaluate perforation quality 
in sidewalls. The printing direction is perpendicular to 
the normal direction of the circular holes. Figure 6(b) 
presents a series of printed specimens. The enlarged 
view highlights the distortion of perforations, which 
leads to a reduction in perforation area. Notably, the 

smallest perforation (d = 0.12 mm) failed to form 
completely.

Among all perforation characteristics, the perforation 
area is of primary concern, which decides the slurry 
removal efficiency. However, due to the distortions in 
perforations, measuring the area directly from the 
optical micrograph becomes hard. Therefore, a 
machine vision approach is employed, as presented in 
Figure 6(c). The original images are preprocessed 
through binarization and morphological operations; 
the inner contours of the perforations are then extracted 
to calculate the pixel areas, which are converted to 
actual areas using a pre-determined scale factor.

Figure 6(d) shows the relationship between the 
measured actual area (A1) and target area (A0), along 
with the corresponding relative discrepancies. The rela
tive discrepancy (ε) is calculated as:

1 =
|A1 − A0|

A0
× 100%. (5) 

The relative discrepancy exhibits a strong inverse 
relationship with the designed area (A0). A pronounced 
change occurs when the designed perforation diameter 
drops below 0.48 mm (corresponding to an area of 0.18 
mm2). Perforations that failed to form are marked with a 
‘×’ symbol in the plot.

To investigate the relationship between the perfor
ation area and the efficiency of residual slurry removal, 
an experimental device is designed and constructed as 
illustrated in Figure 7(a). This apparatus consists of a 

Figure 4. Micro-CT and SEM images of sintered ceramic parts with different dimensions. (a) 3D reconstructed CT images showing the 
internal crack distribution (highlighted in red) with different designed thicknesses. (b) Corresponding SEM surface morphologies.
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Figure 5. Manufacturability assessment and verification structure (MAVS) for determining fabrication limits of honeycomb core side
walls. (a) Schematic design of MAVS. (b-c) Optical images of printed MAVS specimens with t = 0.1 and 0.2 mm, respectively. (d) Classifi
cation of printing quality: no deformation (ND), minor deformation (MD), and large deformation (LD). (e-f) Two-dimensional discrete 
heatmaps showing printing quality within the (l, h) parameter space for different t values.

Figure 6. Printing quality evaluation of vertical perforations. (a) Schematic of the test structure for evaluating the influence of per
foration diameter (d ) on forming quality. (b) Printed sample with perforations of various diameters. The enlarged micrograph high
lights the defects. (c) The machine-vision-based measurement of perforation area. (d) Relationship between the measured actual area 
(A1) and the designed area (A0), along with the corresponding relative discrepancies. ‘×’ marks represent perforation printing failure.
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rack, a peristaltic pump, a water tank, pipes, and a 
control system. The test specimens are honeycomb 
sandwich structures with an overall size of 60 mm ×  
12 mm × 5 mm, in which the honeycomb cores contain 
perforations of various diameters. During the exper
iment, each specimen is placed on the rack and con
nected with pipes via an adapter, sealed with 
ethylene-vinyl acetate. The peristaltic pump delivers 
water from the tank into the specimen at a constant 
flow rate, which then exits with slurry through the 
outlet. The pump is powered by an external supply, 
and its operating time is controlled by a microcontroller 
unit (MCU) and relay. After flushing for a specified dur
ation, the specimen is detached from the apparatus 
and weighed. The removal efficiency (η) is defined 
based on the change in specimen mass during the 
flushing process, and calculated as:

h =
m0 − m1

Dm
× 100%, (6) 

where m0 is the initial mass of the specimen before 
flushing, m1 is the mass at a given time during 
flushing, and Δm is the theoretical maximum mass 
change. The value of Δm is determined from the speci
men’s internal cavity volume. Based on the cavity 
volume and the slurry density (2.48 g/cm3), the theoreti
cal mass of residual slurry inside the cavity is calculated 
to be ∼3.89 g. For the same volume filled with water, the 
mass is 1.57 g. Since water remains inside the specimen 
during weighing, the maximum mass change (Δm) 
during flushing is 2.32 g.

Figure 7(b) presents the evolution of removal 
efficiency over time. The residual ceramic slurry can be 
considered almost completely removed when η 

approaches 98%. Compared with the perforations 
designed with diameters of 0.30 mm and 0.39 mm, the 
perforation with d = 0.48 mm reached 98% slurry 
removal efficiency in a noticeably shorter time. 
However, for d ≥ 0.48 mm, the time required to reach 
η = 98% is nearly independent of perforation diameter. 
This threshold corresponds to the sharp change in rela
tive area discrepancy indicated in Figure 6(d). In particu
lar, although the perforation with d = 0.21 mm can be 
printed, it exhibits negligible slurry removal efficiency 
in practice.

Overall, the perforation diameter in the sidewalls of 
the honeycomb sandwich structure is closely associated 
with slurry removal efficiency. Undersized perforations 
not only suffer severe dimensional deviation due to 
overcuring and forming defects, but also cause a signifi
cant drop in removal efficiency. In the settings men
tioned above, the minimum printable perforation 
diameter is approximately 0.21 mm. However, to 
ensure both geometric accuracy and effective slurry 
removal, the designed perforation diameter should be 
no less than 0.30 mm, and a diameter of 0.48 mm is rec
ommended for ideal slurry removal efficiency.

3.3.4. Three-point bending performance of large- 
scale solid and honeycomb ceramic specimens
To systematically evaluate the mechanical performance 
of the designed ceramic honeycomb sandwich struc
tures, several ceramic specimens were fabricated, and 
three-point bending tests were conducted. As illustrated 
in Figure 8(a), the span length is fixed at L = 40 mm. The 
experimental specimens are divided into three groups: a 
solid reference and two types of ceramic honeycomb 
sandwich structures (CHSS) featuring representative 

Figure 7. Experimental apparatus and flushing performance of honeycomb sandwich specimens with different perforation diameters. 
(a) Schematic of the flushing apparatus consisting of a rack, peristaltic pump, water tank, connecting pipes, and control system (micro
controller unit and relay). (b) The η-time curves for specimens with different perforation diameters. The dashed line indicates that the 
slurry removal efficiency η reaches 98%.
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perforation diameters. One type has a diameter of 
0.30 mm (CHSS-0.30), which represents the smallest 
size of perforation to discharge the residual slurry; the 
other has a diameter of 0.48 mm (CHSS-0.48), at which 
the slurry evacuation efficiency reaches a plateau and 
is therefore regarded as the critical dimension for struc
tural design. The overall size of the sintered specimens is 
about 50 mm × 10 mm × 4 mm, with a structural appar
ent density is ∼2.31 g/cm3 and corresponding to a 

solid volume fraction of ∼59.5% (porosity of 40.5%) rela
tive to the fully solid structure.

Figure 8(b) shows the typical force-deflection curves 
for different specimens. The solid specimen exhibits 
the lowest load-bearing capacity and deflection com
pared with the ceramic honeycomb sandwich structures 
of equal external dimensions, which can be attributed to 
the cracks generated during the debinding and sinter
ing. Figure 8(c) presents the specific modulus and 

Figure 8. Three-point bending tests and micro-CT characterisation of solid and honeycomb ceramic specimens. (a) Schematic of the 
three-point bending test and representative sintered ceramic specimens: solid reference, CHSS-0.30 (perforation diameter d =  
0.30 mm), and CHSS-0.48 (d = 0.48 mm). (b) Force-deflection curves of the tested specimens. (c) Specific modulus and specific 
strength of different specimens. (d) Micro-CT images of solid specimen with internal cracks (highlighted in red). (e) Micro-CT 
images of honeycomb sandwich structure without visible internal cracks.
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specific strength, which are ratios of flexural modulus 
and flexural strength to apparent density of the corre
sponding specimen. Compared with the solid speci
mens, both the CHSS-0.30 and CHSS-0.48 exhibit 
markedly stronger specific modulus and specific 
strength. Notably, CHSS-0.30 represents slightly superior 
mechanical performance to CHSS-0.48, indicating that 
smaller perforation sizes are preferable for enhancing 
mechanical properties. The micro-CT images in Figure 
8(d-e) show that the solid specimen contains numerous 
cracks, while no cracks are observed in the honeycomb 
sandwich structure. Thus, the honeycomb structural 
design is effective in mitigating or preventing crack for
mation during the debinding and sintering processes, 

thereby facilitating improvements in mechanical 
properties.

To further investigate the relationship between the 
perforation sizes and mechanical performance, a 
numerical simulation is conducted. In the simulation 
process, to remain consistent with the physical exper
imental conditions, the numerical model was con
structed from the green-body geometry (the overall 
design size is 60 mm × 12 mm × 5 mm, outer wall thick
ness a = 1 mm, sidewall thickness of honeycomb unit 
cell t = 0.20 mm, and cell side length l = 2 mm). The 
dimensions of the model were adjusted in each principal 
direction according to the anisotropic shrinkage ratios to 
obtain geometry sizes that were close to those of the 

Figure 9. Simulation of the perforated honeycomb specimens under three-point bending. (a) Stress contour maps showing the von 
Mises stress distribution of specimens with d = 0, 0.30, 0.48, 0.66 mm. (b) Stress distribution at corresponding loading states on the 
section A-A. (c) Load-deflection curves of simulations with different perforation diameters. (d) Comparison of specific modulus and 
specific strength for simulations with different perforation diameters.
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sintered specimens (overall size: 50 mm × 10 mm ×  
4 mm). The side-wall perforation diameter was set to d  
= 0 mm (no perforation), 0.30 mm, 0.48 mm, and 
0.66 mm. Loading and boundary conditions matched 
the three-point bending experiments (identical span, 
loading rate, and other related experimental conditions).

Figure 9(a) shows the stress distribution map on the 
specimens at the moment before failure. The corre
sponding structural cross-section at this moment is 
shown in Figure 9(b), where the stress concentration is 
around the perforation edges, yet the local stress there 
is much lower than the tensile stress at the outer sur
faces. Therefore, the crack initiation occurs at the outer 
surfaces rather than at the edge of the perforation. 
Figure 9(c-d) presents the force-deflection curves 
obtained from the three-point bending simulations 
and the corresponding specific modulus and specific 
strength of specimens with different perforation diam
eters. The plots indicate that the mechanical perform
ance decreases slightly with increasing perforation 
diameter, but the overall reduction is not substantial 
and aligns well with the experimental results.

4. Conclusions

In this work, we introduce a honeycomb core with side
wall perforation into DLP-printed ceramic parts to miti
gate defect formation during debinding and sintering, 
thereby facilitating the fabrication of large-scale ceramics. 
The critical point of this approach is that it transforms the 
ceramic material distribution of large ceramic parts from a 
continuous to a discontinuous form with an internal hon
eycomb structure, thereby artificially shortening the path 
of releasing the pyrolysis product during the debinding 
process and enabling the fabrication of crack-free, large- 
scale ceramic parts. There are two advantages of this 
approach: (1) it allows for the lightweight fabrication of 
large-scale ceramics; (2) it preserves an intact outer 
surface to enhance its overall applicability.

Through experimental validation, we determine the 
appropriate slurry solid loading and optimal printing 
parameters, providing a foundation for investigating 
the fabrication limits of the structure and evaluating its 
mechanical performance. The results reveal that outer 
wall thickness (a) significantly affects flexural strength, 
which decreases from ∼350 MPa to below 120 MPa as 
the thickness increases from 1 mm to 5 mm. Addition
ally, the manufacturability of honeycomb sidewalls is 
influenced by sidewall thickness (t), height (h), and 
length (l), with thicker sidewalls resulting in better fabrica
tion quality. Perforation diameter (d) is also a key par
ameter, as smaller diameters cause more severe 
dimensional deviations and hinder effective slurry removal.

For the sintered ceramic parts, micro-CT and SEM 
images reveal the mechanism of crack formation and 
evolution. The effectiveness of the honeycomb design 
in mitigating or avoiding crack formation is proved 
through the comparison between the solid and honey
comb sandwich structures in micro-CT scanning and 
mechanical properties. Three-point bending tests demon
strate that ceramic honeycomb sandwich structures with 
a = 1 mm, h = 3.6 mm, l = 2.0 mm, t = 0.20 mm, and d =  
0.30 mm exhibit more than twice the specific modulus 
and specific strength of solid references with the same 
overall dimensions, highlighting their potential for light
weight applications. Furthermore, to elucidate the 
relationship between the key parameter perforation 
diameter and mechanical performance, a numerical simu
lation is conducted. The simulation results show that the 
perforation size has a minor effect on the three-point 
bending performance. Overall, this work presents a strat
egy that maintains a relatively intact outer surface while 
substantially enlarging the manufacturable size of crack- 
free ceramic parts. It further proposes a systematic 
approach to evaluating the fabrication limits of key geo
metric parameters in the honeycomb structures, 
offering guidance for enhancing the manufacturing 
quality and mechanical performance of ceramic parts.
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