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A B S T R A C T   

For zirconia-based technical ceramics, the unique advantages of micro-architecture geometries combined with 
the potent mechanical and functional properties have been challenging to implement owing to additive 
manufacturing restrictions. In this work, we present a stereolithography-based additive manufacturing approach 
involving slurry development for yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP), followed by 
printing using a custom-built large-area projection micro-stereolithography system. After post-processing, i.e., 
polymer burnout and sintering, 98% relative density is reached in the printed Y-TZP parts. Thanks to the good 
manufacturing quality, the bulk-scale Y-TZP micro-honeycombs are able to display typical stretch-dominated 
behavior in out-of-plane compression, showing elastic loading (Stage I) and protracted brittle failure of indi
vidual walls over a significant strain (Stage II). For a Y-TZP micro-honeycomb consisting of 5 × 4 hexagonal cells 
with a wall thickness of 300 μm and a cell diameter of 1.40 mm, the energy dissipation density is measured to be 
9.45 J/g, substantially higher than other ceramic honeycombs and packings reported earlier. This energy 
dissipation capability is mostly attributed to the progressive wall collapse seen in Stage II deformation, in which 
the perimeter walls are preferentially fragmented relative to the interior walls. According to finite element 
analysis, this phenomenon is a result of the deviation from uniaxial compression and the presence of stress 
gradients in the perimeter walls. We also find evidence for stress-induced martensitic transformation in the Y- 
TZP micro-honeycomb after compression, which may be another contributor to the observed energy dissipation 
capability.   

1. Introduction 

The recent advances in additive manufacturing have bolstered the 
research efforts on polymer and metal-based architectured materials 
focusing on the advantageous mechanical behavior associated with 
complex geometries and small feature sizes [1–8]. However, architec
tured cellular ceramics are yet to be extensively explored in the context 
of additive manufacturing, largely due to the manufacturing constraint. 
Such research gaps are especially notable for an important family of 
technical ceramics, partially or fully stabilized zirconia, which is 
renowned for a wide variety of excellent functional and structural 
properties, such as shape memory and superelasticity [9–14]; trans
formation toughening [15]; bio-compatibility [16,17]; good ionic 

conductivity [18]; and good resistance to wear, erosion, and thermal 
shock [19]. In particular, yttrium-stabilized tetragonal zirconia poly
crystal (Y-TZP) offers the highest flexural strength of all zirconia-based 
materials, while allowing for stress-induced martensitic transformation 
for toughening. In the cellular architecture form, especially 
stretch-dominated structures (e.g., octet-truss; honeycomb in 
out-of-plane loading), Y-TZP is promising for energy dissipation, light
weight structural innovation, as well as biomedical and dental appli
cations. The architecture form also offers a path to avoiding failure upon 
martensitic transformation by matching the strut width to grain size, 
from which the mechanical constraint from triple junctions is minimized 
[20]. 

In principle, architectured zirconia can be additively manufactured 
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via stereolithography [21–30], inkjet [31], and extrusion-based ap
proaches [32,33]. In these printing approaches, zirconia particles are 
mixed with polymers for printing, followed by polymer burnout and 
subsequent sintering to remove the porosity [34]. Compared to extru
sion and inkjet, stereolithography offers better resolution and scalability 
to print micro-architectured ceramics on the bulk scale. The print 
quality by stereolithography is critically dependent on the density and 
refractive index of the ceramic particles, which are supported by liquid 
resin in suspension during the layer-by-layer selective photo
polymerization. Lower density helps keep the particles in suspension 
without adding a lot of stabilizing additives, whereas lower refractive 
index of the ceramic results in better curing behavior. It is thus 
considerably more challenging to print zirconia-based [23] (density of 
5.68 g/cm3; refractive index of 2.1) than alumina-based [35] (density of 
3.95 g/cm3; refractive index of 1.6) architectures. As a result, stereo
lithography of zirconia architectures has been comparatively less 
explored. Regarding the print quality of architectured zirconia, there is 
also a fundamental trade-off between the processability and final zir
conia part density that hinges on the solid loading fraction (i.e., volume 
fraction of the ceramic particles). As solid loading increases, so does 
green density, but the viscosity of the zirconia slurry, the likelihood of 
flocculation, and the amount of light scattering also increase, resulting 
in a significant decrease of the curing depth of the slurry [36]. 

Because of these processing challenges , pervasive manufacturing 
defects like pores and cracks are difficult to prevent, and simple stra
tegies for additive manufacturing of high-quality architectured zirconia 
have remained elusive. Slurry design usually requires multiple organic 
components to tackle these issues (e.g., diluents, dyes, monomer blends, 
etc.). In previous works on zirconia additive manufacturing, most me
chanical testing was limited to beam bending [25,29,37] or hardness 
measurements [21] rather than compression loading of the archi
tectures—which would cause premature catastrophic failure due to the 
existence of flaws. When tested, therefore, the 3D printed ceramic ar
chitectures often show high specific strengths but weak specific energy 
dissipation capacity [38–40]. The true advantages and peculiarities 
from the fine, complex geometries of architectured zirconia, such as 
bending- or stretch- dominated mechanical behavior [2,41,42], have not 
been adequately demonstrated. 

In this work, we present a simple approach for additive 
manufacturing of high-quality Y-TZP. This involves development of a 
high solid loading Y-TZP slurry with few organic components and suf
ficiently low viscosity, followed by additive manufacturing of architec
tures using a custom-built micro-stereolithography 3D printer and post 
sintering. We demonstrate this approach by printing Y-TZP micro- 
honeycombs and show that a printed centimeter-scale hexagonal Y- 
TZP honeycomb architecture (300 μm feature size) performs remarkably 
well upon compression loading thanks to the low defect density. 
Compression along the out-of-plane direction results in typical multiple- 
stage deformation behavior [42] before densification: elastic deforma
tion of the entire honeycomb followed by stepwise failure of individual 
cell walls, in which the perimeter walls are preferentially fractured due 
to the tri-axial stress state and stress gradient. We also show direct ev
idence of stress-induced martensitic transformation in the printed Y-TZP 
architecture, which has also been observed in bending experiments of 
3D printed zirconia beams [29]. During loading, the density of total 
energy dissipation by the printed Y-TZP micro-honeycomb is measured 
to be 9.45 J/g, which is considerably higher than previous works on 
other ceramic honeycombs [38,40,43] or superelastic zirconia granular 
packings [44]. This is attributed to the combined effects of gradual 
collapse of the architecture and martensitic transformation. 

2. Experimental and simulation methods 

The 3 mol%Y2O3-ZrO2 powder came as spray dried granules (Y-TZP, 
Tosoh Corp). The granulated powder was dispersed in ethanol with 3 wt 
% dispersant (Variquat 42-NS, Evonik Industries) and mixed in a high 

energy ball mill (Retsch Emax) using zirconia milling media at 1350 
RPM for 30 min. This broke apart the aggregated granules into ~200 nm 
particles while distributing the dispersant throughout. The ethanol 
slurry was dried for 12 h at 80 ◦C to evaporate the ethanol, and the 
resulting dispersant-coated powder was ball milled again at the same 
conditions with a liquid hexanediol diacrylate monomer (HDDA, Sigma 
Aldrich). The photoinitiator 2,4,6-trimethylbenzoyl diphenyl phosphine 
oxide (TPO, Millipore Sigma) was added in solid form by manual mixing 
followed by rolling at ~100 RPM for 24 h. No diluents or dyes were 
added to the slurry. The slurry viscosity was characterized using a cup 
and bob rheometer (Texas Instruments) at shear rates from 0.1 s−1 to 
100 s−1. 

The curability of the slurry was assessed by spreading a thick layer on 
a PDMS substrate and exposing identical cross-sections to a constant- 
power light source (power density set to 1200 mJ/cm2, wavelength 
405 nm) for varying times. When a slurry is exposed to UV light, its 
curing behavior can be quantified by the cure depth ZC, which is affected 
by the addition of ceramic particles and is described by Eq. (1): 

ZC = DPlnE/EC (1) 

where DP is the depth of penetration ; EC is the critical energy dose; E 
is the actual energy dose, which is proportional to the exposure time tExp 

for constant exposure power. For a ceramic slurry, the depth of pene
tration DP depends on the solid loading fraction VS and the refractive 
index difference Δn between the monomer and ceramic [23,45] as 
described by Eq. (2) ( the derivation of this equation is shown in the 
Appendix): 

DP =
2λ

3Δn2VS

((
Vmax

S
VS

)1/3

− 1

) (2) 

Photopolymerization and 3D printing were performed using a 
custom-built large-area projection micro-stereolithography system 
(LAPμSL) with a pixel size of 15 μm and a layer thickness of 15 μm [46]. 
The shear rate during the printing process was measured to be ~ 6 s−1. 
The exposure power of the projector was 1200 mJ/cm2. After printing, 
the samples were gently cleaned with isopropyl alcohol to remove un
cured slurry before being cured for 1 h under a UV (ultraviolet) lamp. 
The wavelength of light used for both printing and curing was 405 nm. 
Based on thermogravimetric analysis (TGA, Texas Instruments) of the 
cured slurry in a similar manner to Sun and Komissarenko [28,30], the 
printed components were heated to 100 ◦C at a rate of 1 ◦C /min, held 
for 30 min, heated to 200 ◦C at a rate of 2 ◦C/min, then to 400 ◦C at a 
rate of 0.4 ◦C/min, and then held for 60 min to remove the organics in 
two stages before heating at a rate of 5 ◦C/min to 1700 ◦C for sintering. 
The furnace was held at 1700 ◦C for 2 h, and then the samples were 
cooled at a maximum rate of 1.5 ◦C/min to room temperature. The heat 
treatments were performed in air (Lindberg/Blue M 1700). For 
proof-of-concept purposes, micro-honeycombs of different wall thick
nesses were printed, which were on the order of hundreds of microns. 
The diameter of the hexagonal cells was about 1.5 mm in all cases. The 
relative density of the sintered honeycombs was measured with the 
Archimedes method. 

Several honeycombs have been printed using the presented 
approach. To showcase the mechanical performance achievable using 
the slurry and process, we particularly examined a single sintered hex
agonal honeycomb with 20-unit cells, arranged in a rectangular 5 ×

4 hexagonal close packing array with wall thickness t = 300 μm, wall 
length l = 700 μm, cell diameter of 1.4 mm, and height 2.55 mm. The 
honeycomb had a nominal cross-sectional area of 46.75 mm2, and a 
mass of 0.290 g, and the relative density was determined to be ~ 0.4. 
After a pre-test at 2 kN to verify that the sample was mechanically sound 
without premature failure, the honeycomb was subjected to out-of-plane 
compression under displacement control. For honeycomb architectures, 
out-of-plane loading is associated with higher collapse strengths and is 
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desirable for lightweight structural applications, as seen in sandwich 
panels that are widely used in skis, aircraft, and space vehicles [47,48]. 
The load frame had a 50 kN load cell (Instron 5960), and the displace
ment was controlled at a rate of 0.02 mm/min. The axis of loading ran 
parallel with the cell walls. The test was in situ monitored from the side 
with a digital microscope camera (Dino-Light). 

Microstructure characterization of the green and sintered bodies was 
performed using scanning electron microscopy (SEM, FEI Helios 600 
Nanolab) after sputtering the sample surface with 7 nm of Pt/Pd. The 
crystallographic phases of the sintered bodies before and after me
chanical testing were verified with X-Ray diffraction (XRD, Panalytical 
X′Pert Pro) by mounting them in a spinning sample holder with the top 
surface orthogonal to the plane of the X-Ray gun and the detector. The 
uneven surface of the samples, especially after testing, can result in 
minor peak shifts that restrict this phase analysis largely to qualitative 
assessments. 

Mechanics simulation using the finite element method was per
formed under the same conditions as the mechanical test, at a series of 
axial loads up to 20 kN. The hexagonal honeycomb model with 20 cells 
was constructed as a solid body with 125,547 tetrahedral elements. The 
minimum Jacobian was 1.00, and each solid element was integrated as a 
selectively reduced tetrahedron with nodal rotations (ELFORM = 4). 
The boundary conditions were set to mimic the mechanical test, so the 
top and bottom surfaces were held in-plane by a fixed support condition, 
which disallowed translation or rotation of the topmost plane of nodes 
(filling the role of contact friction between the platens and sample). A 
boundary load was applied to the top surface. The material was assumed 
to be an isotropic, linear elastic solid with Young’s modulus of 207 GPa 
and Poisson’s ratio of 0.31 to match the properties of Y-TZP as reported 
by several suppliers [49,50]. The simulations were solved on the Vir
ginia Tech Advanced Research Computing NewRiver cluster with 
LS-DYNA using nonlinear implicit time integration. 

3. Y-TZP slurry development 

3.1. Measurement of slurry viscosity 

There is a fundamental tradeoff between green density and print
ability in ceramic stereolithography. If the solid loading fraction is too 
low, the printed parts will have low green density and will be unlikely to 
avoid significant warpage when firing to high density. If the solid 
loading fraction is too high, however, the slurry will be too viscous to 
flow properly. The threshold viscosity is defined as 3 Pa∙s at the shear 
rate of our printing process, 6 s−1 [51]. It is optimal, therefore, to create 
a ceramic slurry with the highest allowable solid loading fraction that 
does not negatively impact the printing process. In Fig. 1(A), we plot the 
measured viscosity of the synthesized Y-TZP/HDDA slurry as a function 
of both shear rate and solid loading fraction, including 22, 32, 36, and 
46 vol% Y-TZP. Generally, as the solid loading fraction increases, so 
does the viscosity at all shear rates; however, as the shear rate increases, 
the viscosity decreases, demonstrating the classical shear-thinning 
behavior. For this study, even with the highest solid loading fraction, 
i.e., 46 vol% Y-TZP powder mixed with 54 vol% HDDA, the slurry ex
hibits sufficiently low viscosity, which is < 3 Pa∙s at 6 s−1. This mirrors 
the results from Borlaf et al. [27,52], who also found ~45 vol% to be the 
highest achievable solid loading fraction, and Komissarenko et al. [30], 
who showed the similar shear thinning behavior of the slurries. The 46 
vol% Y-TZP slurry is thus used for printing in the rest of this manuscript. 

By re-plotting the viscosity as a function of solid loading fraction VS 

(Fig. 1(B)), we find that a power law of η = aVN
s well describes the 

viscosity η of all the slurries at each shear rate, where a and N are 
constants. As shown in Fig. 1(C), the exponent N is strongly dependent 
on the shear rate, suggesting that the solid loading fraction VS has less 
impact on viscosity at high shear rates; the shear rate can dominate the 
viscosity of a highly loaded ceramic slurry that would appear quite 

viscous under normal inspection. 

3.2. Curing behavior and printability 

Based on Eq. (2), we plot the theoretical prediction of penetration 
depth DP as a function of VS in Fig. 2(A). The plot indicates that the 
penetration depth DP should decrease rapidly as VS initially increases 
because of the light-ceramic particle interaction but will increase rapidly 
as VS approaches Vmax

S = 0.6 due to the significant reduction of 

Fig. 1. Slurry viscosity control. (A) Measured viscosity of the synthesized slurry 
as a function of shear rate for increasing solid loading fraction, with the target 
viscosity highlighted. (B) Measured viscosity as a function of solid loading 
fraction at increasing shear rates. The results are fit with a power law with 
exponent N. (C) Plot of N as a function of shear rate. At higher shear rates, solid 
loading fraction has a reduced effect on the slurry’s viscosity. 
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interparticle spacing. 
After theoretical prediction, we experimentally examine the curing 

behavior and printability of the synthesized 46 vol% Y-TZP slurry, for 
which two different TPO photoinitiator concentrations are investigated, 
2 wt% and 5 wt% relative to the HDDA concentration. For these two 
scenarios, Eq. (2) gives the predicted DP value to be 17.1 and 16.5 μm, 
respectively. We measure the cure depth at a series of exposure times 
under constant irradiation power and construct the working curves for 
these two cases in Fig. 2(B). By fitting the measured working curves 
using Eq. (1), the values of penetration depth DP and critical exposure 
time t∗Exp (corresponding to the critical energy dose EC) are extracted. For 
the 2 wt% addition of TPO initiators, DP is experimentally determined to 

be 8.7 μm, lower than the theoretically predicted value of 17.1 μm by a 
substantial margin. This is possibly caused by insufficient conversion of 
monomers upon irradiation. When the initiator concentration is raised 
to 5 wt%, the measured DP value is 13.0 μm, which is closer to the 
calculated value 16.5 μm, suggesting that the photopolymerization re
action is more complete. 

Small TPO additions (i.e., 1–5%) are usually sufficient for curability 
[53], but the remaining discrepancy between the calculated and 
observed DP values could be a sign that the solid TPO is not perfectly 
dissolved in the HDDA [54]. Nevertheless, based on these curability test 
results, we have decided to employ the Y-TZP slurry with 5 wt% TPO 
initiators for printing, for which the critical exposure time t∗Exp is 1.5 s at 

Fig. 2. Printability. (A) Theoretical prediction of DP as a function of solid loading fraction, assuming zirconia powder and HDDA monomer following Eq. (2). (B) 
Measured working curves: semi-log plot of cure depth as a function of exposure time for two photoinitiator concentrations. DP and t*Exp values are extracted from 
fitting with Eq. (1). 

Fig. 3. Stereolithography of Y-TZP micro-honeycombs. (A) Diagram of the LAPuSL printer. A colloid extrusion head and casting blade control the layer height and 
ensure even spreading of the Y-TZP resin. The light source is projected digitally to pattern an image with high resolution (15 µm pixel size) onto a single layer of resin 
at a time. (B) Schematic of printing process during exposure of a single layer, side view. UV light enters the resin layer from the bottom and cures the resin, trapping 
the particles inside. During curing, the particles scatter the photons and broaden the cured volume. (C). Examples of several printed and sintered honeycomb 
structures with irregular macroscopic geometries. (D) A printed and sintered Y-TZP micro-honeycomb with a rectangular 5 × 4 hexagonal close packing array. 
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a power of 1200 mJ/cm2. To achieve high spatial resolution, we use the 
minimum step size of 15 μm for layer thickness and set the exposure time 
to be 15 s (tExp/t∗

Exp = 10), which leads to a cure depth ZC of 30 μm and 
an in-plane cure breadth of ~30 μm. This promotes inter-laminar 
adhesion as ZC is twice of the layer thickness [46]. 

4. Stereolithography of Y-TZP micro-honeycombs 

The custom-built LAPμSL system diagrammed in Fig. 3(A) is used to 
print Y-TZP micro-honeycombs layer-by-layer. The printing of each 
layer starts with a spreading process, wherein the extruder nozzle and 
casting blade create a thin, uniform coating of fluid resin on the window. 
This spreading process has a relatively high shear rate (~ 6 s−1) 
compared to vat-based stereolithography, which interacts favorably 
with the resin to enable even spreading [55]. As determined in the 
previous section, to print the synthesized Y-TZP resin in this work, the 
optimal print layer thickness is set at 15 μm and the exposure time is set 
at 15 s. 

For printing, the substrate is lowered into position, leaving a 15 μm 
thick layer of resin between it and the window. The UV light is then 
projected through the window in the desired cross-sectional pattern for 
15 s, curing the exposed regions of the resin as diagrammed in Fig. 3(B) 
and trapping the suspended Y-TZP particles inside the now solid poly
mer. After exposure, the substrate – with printed material attached – is 
lifted to allow the casting blade to clean the uncured resin off the win
dow, and the extruder head then spreads the next layer. This process 
continues until the desired part is printed. 

Fig. 3(C) shows several examples of the printed honeycombs with 
similar cell diameters (ranging from 1.3 mm to 1.5 mm after sintering), 
but different wall thicknesses, which are 270 μm, 370 μm, and 640 μm 
from the left to the right. These samples are for proof-of-concept pur
poses and are not tested for mechanical performance. Such trial runs aid 
in determining the optimal printing and sintering parameters, based on 
which a Y-TZP micro-honeycomb consisting of a rectangular 5 × 4 
hexagonal cell array is printed with the sintered wall thickness being 
300 μm and cell diameter being 1.40 ± 0.08 mm (Fig. 3(D)). This Y-TZP 
micro-honeycomb is investigated in detail for printing quality and 

mechanical behavior in the rest of this manuscript. 
We characterize the printed specimens at each processing step and 

begin our analysis with the green bodies (Fig. 4). After printing and 
manual cleaning with isopropyl alcohol to remove uncured slurry, the 
green bodies are characterized by good dimensional accuracy and sur
face finish (Fig. 4(B)). Some contamination is present in the green 
bodies, visible extending from the printed walls into the empty space, 
but this is mostly dust trapped between layers. Examining the green 
body from the side in Fig. 4(C), individual layers are discernable due to 
the broadening effect during printing. This presents a small rippling 
effect, with a peak-to-trough height of roughly 5 μm. A closer exami
nation of the interface between two layers with backscatter electron 
imaging (Fig. 4(D)) reveals a homogeneous distribution of small Y-TZP 
particles. If the Y-TZP slurry settled during printing, as can happen with 
less stable ceramic slurries [56], this region would show a particle 
density gradient that would result in anisotropic shrinkage during firing. 
The lack of such a gradient suggests that interlaminar defects are un
likely to exist in the green bodies despite the rippled outward 
appearance. 

Next, the green bodies are debinded and sintered at 1700 ◦C in air, 
which results in ~ 20% linear shrinkage rates (measured with cuboid 
samples) and a final density of 98%. As seen in Fig. 5(A), and (B), the 
sintered specimen shows good surface quality without apparent defects. 
Fig. 5(C) shows a micrograph of the side of the sintered honeycomb, 
where the different layers are more visible than those in the green body 
due to coarsening during firing. The uneven, layer-by-layer patterns on 
the lateral side may become local stress risers and cause pre-mature 
failure when the honeycomb is subjected to mechanical loading. Each 
layer is reduced in thickness to ~12 μm, with equiaxed grains making up 
the surface. Fig. 5(D) highlights the microstructure with a view of the 
unpolished top of the honeycomb, which is quite flat and looks typical 
for zirconia ceramics. The grain size in the sintered honeycomb is 
~1–3 μm, much greater than the ~200 nm particle size in the green 
bodies. This is expected with the high temperature heat treatment that 
allows the honeycomb to achieve high density with grain growth 
occurring at the same time. 

Fig. 4. 3D Printed Honeycomb Green Body. (A) Photo
graph of a representative as-printed honeycomb sample. 
(B) Secondary electron micrograph of green body from top. 
The dark spots are carbonaceous contamination. (C) Sec
ondary electron micrograph of green body from side. The 
layer lines are visible. (D) Backscatter electron micrograph 
of interlaminar region. The bright spots are discrete ZrO2 
particles. The particles are not observed to segregate, even 
at the top or bottom of a layer as indicated by the marked 
transition between Layer X and Layer X + 1.   
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5. Mechanical response and phase transformation 

5.1. Deformation and failure 

Fig. 6(A) plots the measured homogenized stress (load divided by the 
nominal cross-sectional area) vs. strain curve of the selected honeycomb 
consisting of a rectangular 5 × 4 hexagonal cell array (described in 

Section 2), which exhibits two-stage deformation behavior typical to 
cellular ceramic structures [42]. Stage I (black line) is characterized by 
elastic deformation of the honeycomb until a maximum stress of 
268 MPa is reached, followed by a drastic decrease of the stress 
accompanied by structure collapse. According to the mechanics theory 
for cellular solids, the expected collapse stress for cellular Y-TZP with 
40% relative density should be higher [42,49], but the geometry of this 

Fig. 5. Sintered Honeycomb. (A) Secondary electron micrograph from the top showing good quality after sintering. (B) Secondary electron micrograph from the top 
at a higher magnification. The wall thickness after sintering is ~ 0.3 mm. (C) Secondary electron micrograph of the sintered honeycomb sample from the side. The 
layer lines are prominent. (D) Secondary electron micrograph of the top showing an equiaxed, dense microstructure after sintering. 

Fig. 6. Mechanical behavior of the printed Y-TZP micro-honeycomb under out-of-plane compression. (A) The measured homogenized stress vs. strain curve, showing 
distinct behavior for two stages. Stage I: from the initial loading to the major crack formation (black curve); Stage II: re-loading after the first failure, in which cells 
collapse with substantial fragmentation (green curve). Inset: illustration of the sample geometry and orientation with respect to the X-, Y-, Z-axes. (B), (C), and (D) 
show video snapshots corresponding to three loading steps in Stage I and Stage II labeled in (A). The snapshots are taken on the X-Z plane with black arrows 
indicating cracks. The periodic light and dark regions are honeycomb faces oriented towards or away from the light source, respectively. 
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particular sample prompts a divergence from the predicted behavior 
(see Section 6). The resultant failure mainly appears at the right bottom, 
showing fracture and fragmentation of the printed walls in Fig. 6(B). 
Despite the load drop associated with this local failure of the honey
comb, most of the sample is still visibly intact. This allows for reapplying 
the load: in Stage II (green line in Fig. 6(A)), after the initial elastic 
deformation, the homogenized stress is seen to oscillate around a sus
tained value ~50-80 MPa despite the significant increase of strain. 
Featuring a high collapse strength followed by a ‘plateau’ at consider
ably lower stress levels, the observed two-stage deformation (before 
densification) in the printed Y-TZP honeycomb is consistent with 
stretch-dominated structures predicted by the cellular materials litera
ture [42]. This may be representative for the behavior by architectures 
made of brittle constituent materials. 

There is strong correlation between the stress oscillation behavior in 
Stage II and local fracture events. Fig. 6(C)-(D) shows the piecemeal 
failure with snapshots from the test, wherein small sections of the 
exterior of the honeycomb, usually relegated to single wall segments, 
break off individually. These fracture events are each associated with 
small jerks observed in Fig. 6(A). The sensitivity of such correlation is 
further enhanced because of the small number of cells: there are only 77 
walls in this sample and any fracture in one of them makes a consider
able impact on the global mechanical behavior. Interestingly, even 
though multiple local fracture events occur in Stage II, the stress level 
stays in a characteristic range—some of the load drops are quite gradual 
in comparison to the dramatic failure that marks the end of Stage I 
compression. This observation indicates slow crack propagation in some 
cell walls in Stage II deformation. 

5.2. Stress-induced martensitic transformation 

After the mechanical test, a few cells on the perimeter of the hon
eycomb are seen to fracture and break off, becoming debris and flakes, 
while the majority of the honeycomb remains complete. XRD is 
employed to discern the crystal structure of the compressed Y-TZP 
micro-honeycomb and the recovered fragments, with a comparison to 
the as-sintered structure before compression. As shown in Fig. 7, while 
both cases mainly show peaks corresponding to the tetragonal phase of 
zirconia as expected, the post-compressed honeycomb exhibits small 
peaks (e.g., the (111) and (111) peaks) that indicate the presence of 
~10 vol% monoclinic zirconia. The stress-induced martensitic phase 
transformation is known to occur in yttrium-doped zirconia [57], 
particularly during crack propagation (as in transformation toughening 
[58]), and the observation in Fig. 7 shows the first direct evidence of this 
transformation in architectured Y-TZP. The martensitic transformation 
probably happens near the end of Stage I and during most of Stage II. 

Stress-induced martensitic transformation in yttrium-doped zirconia 
is characterized by large shear strain of ~15% and volume change of ~ 
4.5% [57]. The wall thickness of the micro-honeycomb architecture is 
300 μm, whereas the grain size is measured to be 1–3 μm. Therefore, 
there are numerous triple junctions across the walls, imposing signifi
cant mechanical constraint for transformation among neighboring 
grains. With high mechanical constraint and large transformation strain, 
this transformation invariably generates significant internal stresses. 
Moreover, for the Y-TZP containing 3 mol% Y2O3 in this study, 
stress-induced martensitic transformation occurs more readily after 
alignment of the nanoscale ferroelastic tetragonal domains by applying 
sufficiently high stress [59]; without self-accommodating twins and 
autocatalytic transformation due to the crystallographic restrictions in 
this specific composition [57], the transformed volume should be 
localized. Given all of these considerations, the onset of stress-induced 
martensitic transformation is exceptionally likely to result in signifi
cant fracture events in the brittle Y-TZP micro-honeycombs [60]. 

6. Mechanics analysis and discussion 

6.1. Local fracture events: perimeter wall vs. interior wall 

Fig. 8 (A) shows a photograph of the honeycomb after testing, which 
can be characterized by several types of scenarios: 1) intact surfaces that 
look the same as before testing, 2) damaged surfaces which have been 
cracked, 3) small flakes that pile up in the void space between cell walls, 
and 4) large fragments of the walls that break off in chunks. A closer 
examination of the video snapshots from in situ monitoring reveals 
major differences between the perimeter walls and interior walls during 
out-of-plane compression. From the side view, the cell walls on the 
perimeter of the honeycomb structure (Fig. 8(B)-(C)) appear to break off 
large chunks in single fracture events, with the fracture surfaces running 
parallel to the loading direction along the perimeter nodes and 
perpendicular to the loading direction across the length of the perimeter 
walls. The perimeter walls do not seem to fracture parallel to the loading 
direction through their thickness. In contrast, the cell walls on the 
interior of the honeycomb (Fig. 8(D)-(E)) produce small flakes of debris, 
with fracture apparently occurring parallel to the loading direction 
through the thickness of the wall. The large fracture events preferen
tially occur in the perimeter wall first with more significant impact on 
the structural integrity. 

6.2. Finite element analysis 

The tested Y-TZP micro-honeycomb differs significantly from the 
ideal cellular structure. First, the relative density is high (~0.4) and the 
walls are thick compared to the cell diameter. Second, the cell number is 
small, and a significant portion of the walls are on the perimeter: there 
are 34 perimeter walls and 43 interior walls. Instead of directly applying 
the mechanics theory for cellular solids, therefore, we employ finite 
element analysis to understand the mechanical response of this partic
ular Y-TZP micro-honeycomb. Out-of-plane compression of honeycomb 
structures leads to compression-dominated stress states in the walls, 
under which ceramics typically fail by shear (or a combination of shear 
and compression) rather than by tension, following the Coulomb-Mohr 
criterion [61]. More importantly, the local fracture is possibly trig
gered by stress-induced martensitic transformation, which corresponds 
to a shear-dominant shape change with the kinetics and morphology 

Fig. 7. Stress-Induced Phase Transformation in Y-TZP Honeycomb. The bottom 
XRD pattern (in blue) shows the honeycomb is in the tetragonal phase before 
compression, while the top XRD pattern (in red) shows the honeycomb partially 
transforms to the monoclinic phase after compression. 
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determined by shear-strain energy [44]. Overall, a shear deformation 
criterion related to the distortion energy is proper for mechanics analysis 
of the target problem. 

Fig. 9(A) shows the von Mises stress distribution in a cross-section of 
the entire honeycomb at Z = 1.275 mm (i.e., the midpoint of the walls). 
The applied force in Fig. 9(A) is 3600 N, which corresponds to a ho
mogenized stress of ~77 MPa. This simulated stress distribution corre
sponds to the state of the honeycomb during linear elastic deformation 
in Stage I compression, but there are already interesting anomalies to 
note. For one, there are stress gradients of 20–60 MPa present along the 
length l of individual walls on both the perimeter and interior of the 
entire structure. There are also stress concentrations on the inner faces of 
the perimeter walls with strong gradients of stress towards the outer
most corners – as extreme as ~ 60 MPa change in von Mises stress over a 
distance of ~ 0.5 mm. These effects are highly localized and indicate 
that the mechanical performance of the honeycomb as a whole is likely 
to deviate from the predictions by homogenized treatment [7]. 

Fig. 9(B) tracks the evolution of the von Mises stress distribution in 
the perimeter wall circled in Fig. 9(A) over three stages of loading that 
correspond to homogenized stresses of 85.6, 257, and 428 MPa, 
respectively. Although the honeycomb never reached 428 MPa in 
experiment, the simulated data point is useful for extrapolation and 
revealing more physical insights. In each histogram, the nodally- 
averaged stress distribution becomes broader and trends towards 
higher median stress values. The bounds of high and low values also 
grow as the applied load is increased. In comparison, the interior wall has 
much less heterogeneous stress distributions, exhibiting much tighter 
stress distribution histograms in Fig. 9(D) than the perimeter wall in Fig. 9 
(B). The physical picture of the stress distribution in perimeter and 
interior walls is reflected in Fig. 9(C) and (E), which show the X-Z cross 
section of the two types of walls under the maximum loading in simu
lation. The top and bottom of the wall have been truncated and the 
horizontal displacement is magnified 50 times for clarity. The perimeter 
wall is clearly bowing outwards and has higher von Mises stress on the 
inner face than on the outer face, whereas the interior wall remains 
straight without discernable bowing or distortion. Note that under 
257 MPa homogenized stress, the nodal von-Mises stress values can be 
as high as ~1.4 GPa (Fig. 9(B) and (D)). This sheds light on how and 

where the martensitic phase transformation might be triggered with 
stress. 

The perimeter walls are thus characterized by stress gradients as well 
as tri-axial stress states, bending moments, and possible stress-induced 
martensitic transformation, in many ways deviating from uniaxial 
compression. This makes them more susceptible to local fracture than 
the interior walls—a phenomenon observed from the in situ monitoring 
and illustrated in Fig. 8. This is why the perimeter walls are seen to 
fracture first in out-of-plane compression. As the perimeter walls fail in 
sequence and can no longer support load individually, the interior walls 
begin to act like perimeter walls and fail in a similar manner. Consid
ering the bending moment in the perimeter wall, we may use the flexural 
strength, instead of compressive strength, of Y-TZP when estimating the 
collapse strength of the micro-honeycomb. With the relative density of 
0.4 and the measured flexural strength of ~ 550–1000 MPa [25,62], this 
would predict the collapse stress ~220–400 MPa [42], which is more 
consistent with the observed value of 268 MPa in Fig. 6. 

6.3. Energy dissipation capacity 

By integration under both stages of the stress-strain curve in Fig. 6, 
the density of energy dissipation during mechanical testing is calculated 
to be 23.0 MJ/m3, with ~ 90% of the energy dissipated during Stage II. 
With the nominal cross-sectional area of 46.75 mm2 and height of 
2.55 mm, the entire Y-TZP micro-honeycomb dissipates 2.74 J of en
ergy. Considering the honeycomb mass of 0.290 g, the energy dissipa
tion capacity per mass is 9.45 J/g even without reaching the 
densification stage of compression. In a similar set of experiments on 
cordierite and mullite square-walled honeycombs, Jain et al. found that 
out-of-plane compression leads to a total potential dissipative capacity 
of only ~ 3 J/g by considering the full densification regime [43], sub
stantially lower than the results in this work. 

The energy dissipation capacity in this work mainly originates from 
the protracted, element-by-element, gradual wall collapse in Stage II. 
This behavior and the corresponding energy dissipation capacity have 
not been demonstrated previously in additively manufactured zirconia 
architectures because of the high defect levels, which would initiate 
failure at much lower stress levels. Stress-induced martensitic 

Fig. 8. Observed honeycomb failure mechanisms. (A) Photograph of the honeycomb after mechanical testing with characteristic features labeled. (B) X-Z cross 
sectional diagram of cell walls on the perimeter of the honeycomb at the end of Stage I compression, (C) the same cross section at the end of Stage II compression. (D) 
X-Z cross sectional diagram of cell walls on the interior of the honeycomb at the end of Stage I compression, (E) the same cross section near the end of Stage II 
compression. 
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transformation from the tetragonal to the monoclinic phases can also 
contribute to energy dissipation. Yu et al. found that the bulk energy 
absorption density by ceria-stabilized zirconia granular packings is ~ 
2 J/g [44]. Du et al. found that a fully transforming single crystal par
ticle of ceria-stabilized zirconia might dissipate ~ 6 J/g at maximum 
[63]. Fig. 7 shows that the transformation volume is only ~ 10%, which 
would equate to 0.2–0.6 J/g energy dissipation. As a result, 
stress-induced martensitic transformation is a minor mechanism for 
energy dissipation in this instance. 

Although the energy dissipation level (9.45 J/g) in Y-TZP micro- 
honeycomb is not exceptional [64] in comparison with metallic coun
terparts, this work serves as a testament to the mechanical performance 

and energy dissipation capabilities of brittle, ceramic-based architec
tures. With good part quality enabled by the additive manufacturing 
strategy presented here, these structures have promising applications in 
high temperature, corrosive, irradiating, or other harsh environments 
where metals can suffer from accelerated damages. 

7. Conclusions 

A simple Y-TZP slurry has been created for stereolithography-based 
additive manufacturing, from which high-quality, bulk-scale Y-TZP 
micro-honeycombs are printed by utilizing a custom-built large-area 
projection micro-stereolithography system. When loaded, the sintered 

Fig. 9. Finite element analysis. (A) Von Mises stress dis
tribution in X-Y cross-section of the simulated honeycomb 
at homogenized stress of 77 MPa. (B) Histograms of 
nodally-averaged von Mises stress in the perimeter wall 
indicated with dotted circle in A. (C) X-Z cross-section 
(orthogonal to the faces) of the perimeter wall at homog
enized stress of 428 MPa, displacement values multiplied 
by 50x for clarity. (D) Histograms of interior wall stresses. 
(E) X-Z cross section of interior wall, with displacement 
multiplied by 50x.   
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Y-TZP micro-honeycombs show intriguing behavior, including pro
gressive wall collapse, stress-induced martensitic transformation, and 
good energy dissipation capacity. The most important results from this 
work include:  

• The slurry is 46 vol% Y-TZP dispersed in HDDA monomer with TPO 
photoinitiator and no additional diluents or dyes. A viscosity 
< 3 Pa∙s is achieved at a shear rate of 6 s−1; a cure depth of 30 μm is 
achieved after 15 s of exposure at 1200 mJ/cm2 with 405 nm light 
wavelength. Y-TZP honeycombs are printed with a 15 μm layer 
thickness. One honeycomb of ~ 40% relative density with 300 μm- 
thick walls and a 5 × 4 hexagonal cell design is used for further 
testing. After burnout and sintering at 1700 ◦C for 2 h, this honey
comb is densified to ~98% of the theoretical density.  

• Out-of-plane mechanical compression of the selected honeycomb 
shows 1) elastic loading with a maximum homogenized stress of 
268 MPa, and 2) protracted brittle failure over ~ 40% strain with 
nominal homogenized stress ~50–80 MPa. Thanks to the good 
manufacturing quality, the printed Y-TZP micro-honeycomb shows 
good energy dissipation capacity, with the energy dissipation density 
measured to be 9.45 J/g.  

• Finite element analysis reveals that the stresses in the perimeter cell 
walls are heterogeneous with the stress-state deviating from uniaxial 
compression. This makes them more susceptible to local fracture 
than the interior walls, which is consistent with the observation 
during loading.  

• Before mechanical testing, the Y-TZP micro-honeycomb is in 100% 
tetragonal phase. After compression and fracture, a small amount of 
the monoclinic phase arises, showing direct evidence for stress- 
induced martensitic transformation in the printed Y-TZP micro- 
honeycomb. 
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Appendix A. Derivation of Eq. (2) in the main text 

For photocurable ceramic slurries, the depth of penetration DP depends on the solid loading fraction VS and the refractive index difference Δn 
between the monomer and ceramic [23]: 

DP =
2dλ

3VSΔn2h
(A1) 

Here, d is the ceramic particle size, and λ is the light wavelength. The variable h is the interparticle spacing and can be written as [45]: 

h = d

((
VSmax

VS

)1/3

− 1

)

(A2) 

In this formulation, Vmax
S is the solid loading fraction at the densest packing possible for a given particle size distribution. For a randomly packed, 

monodisperse powder like the Y-TZP used in this work, VSmax ≈ 0.6. Combining Eqs. (A1) and (A2) yields Eq. (2): 

DP =
2λ

3Δn2VS

((
Vmax

S
VS

)1/3

− 1

)
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