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ARTICLE INFO ABSTRACT

Keywords: Vat photopolymerization (VPP) in ceramic additive manufacturing (CAM) faces challenges due to high viscosity

Cerg@ic ) from ceramic powder loading, necessitating interruptive recoating steps. Ceramic particles also attenuate and

;\Sdmvelma““facmrmg divert irradiated light, causing reduced cure depth and over-curing, leading to slow print, weak interlay adhe-
otopolymer

sion, and dimensional errors. This study introduces photo inhibition-aided CAM (PinCAM) using dual-
wavelength digital light processing to mitigate these issues. PinCAM employs two optical masks for initiation
and inhibition at different wavelengths. While previous research focused on polymers, this work evaluates in-
hibition’s effects in suspension-based VPP-CAM. Modeling and experiments examine inhibition and curing
characteristics, print speed, dimensional accuracy, surface roughness, and microstructure. Preliminary results
suggest that photoinhibition has the potential to enhance geometrical and surface properties as well as particle
distribution homogeneity of green ceramic components without significantly compromising print speed. Un-
derstanding inhibition’s impact will aid further research in PinCAM optimization for rapid and precise ceramic

Photo inhibition
Digital light processing

manufacturing.

1. Introduction
1.1. Ceramic materials and additive manufacturing

Ceramic materials are used extensively in a wide range of applica-
tions owing to their outstanding properties, such as high hardness and
strength, good high-temperature performance, excellent thermal shock
resistance, and high chemical stability. In aerospace, they are used to
manufacture components like brakes, bearings, seals and even radiators
for space vehicles; in the medical field, ceramics can be used for tissue
engineering scaffolds, medical pumps as well as piezoelectric compo-
nents [1]. However, due to the harsh conditions of ceramic production,
the complexity of ceramic product design had been constricted by its
limited fabrication methods. Due to mold restrictions, complex and
customized shapes are almost impossible to produce without affecting
the structural integrity of the final product [2,3]. While conventional
manufacturing processes are unable to produce more detailed structures
and typically require molds, ceramics also present unique challenges as
a hard, brittle material [2]. Additive manufacturing (AM) technologies,
also known as 3D printing, have potential applications in various in-
dustries such as aerospace, electronics, and bioengineering. Compared
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with conventional manufacturing, ceramic AM (CAM) can circumvent
the limiting factors of ceramic material like high hardness and high
melting point, as well as allow ceramic products of highly complex
structures to be fabricated in a relatively short time without molds [4].
This opens a new door for the development of flexible yet strong ceramic
parts.

Vat photopolymerization (VPP) is known to be one of the fastest,
most accurate, and highest-resolution AM technologies with the possi-
bility to print advanced products such as bio-renewable, light-weight, or
electronic materials [5,6]. VPP involves the conversion of liquid photo
responsive resin into sequential solid layers that are selectively cured by
a light beam via photopolymerization [3]. During the photo-
polymerization process, the photo-initiators in the curing light act as
catalysts. This triggers the irreversible formation of chains of polymers
(cross-links) among monomers and oligomers present in the photo-
polymer [7-9]. Conversion of the liquid into solid parts happens in
sequential layers. This method allows for the production of a variety of
applications from soft hydrogels to strong flexible electronics.
VPP-based AM offers new viable paths for the 3D printing industry,
allowing the design of higher performing devices in numerous fields
[10].
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VPP has been adapted to ceramic manufacturing by adding ceramic
powders to the resin, creating various VPP based CAM (VPP-CAM)
processes which have been proven capable of overcoming the challenges
generally associated with the traditional production of ceramics with
complex 3D shapes [11,12]. While VPP-CAM can overcome limiting
factors of the material such as high hardness and low toughness, it does
not come without its own challenges compared to the conventional VPP
processes that handle homogeneous and transparent resins. In VPP
based CAM (VPP-CAM), a slurry or semi-liquid mixture where ceramic
feedstock powders are dispersed into liquid photoactive resin is printed
by using a light beam to selectively cure the resin and form a matrix to
bind the ceramic particles into a green ceramic part that will be subse-
quently sintered into a final part [13,14].

The VPP process is known to be a fast and accurate polymer AM
method, but not so in the case of VPP-CAM. First, the use of ceramic
powder can induce a high viscosity, which consequently requires
recoating of the material. This technology therefore has limitations
regarding the speed of the overall print process and the geometric ac-
curacy of the final product. Second, the ceramic suspension in VPP-CAM
is translucent and can largely attenuate and divert the light beam as it
passes through due to complex interactions among light and ceramic
particles including absorption, reflection, diffraction, and scattering [4].
The light attenuation will dramatically decrease the cure depth, and the
light diversion (also referred to as general light scattering [15,16] in the
remainder of this paper) will significantly increase the lateral
over-curing in a VPP-CAM process [17]. Moreover, high solid loading is
often desirable in VPP-CAM to effectively decrease the porosity of the
sintered final part, accelerate de-binding, and reduce sintering shrinkage
[2]. However, associated with high solid loading is high viscosity, a
property that makes printing more difficult due to reduced flowability in
the resin, often requiring a time-consuming recoating process between
layers [12] due to an inability to re-level with the effects of air pressure
and gravity alone [3], increasing amounts of solid loading cause an in-
crease in light attenuation and scattering as it runs into the densely
packed ceramic particles. With the use of higher solid loading, it can be
expected that the lack of sufficient depth of curing would require
printing a thinner layer each time to ensure sufficient inter-layer
bonding strength but at an expense of severely delaying the total print
time. Meanwhile, the lateral over-curing would become increasingly
difficult to tackle as the solid loading increases.

Therefore, there is a great need for continuous, precise, accurate
VPP-CAM processes to advance ceramic manufacturing and meet the
demands for ceramic products and applications.

1.2. Current state of ceramic printing using photopolymerization

Digital light processing (DLP) is a mainstream VPP process with
higher print speed and resolution than other VPP processes. Researchers
have been adapting state-of-the-art DLP based VPP technologies for
advancing ceramic 3D printing by using digital photo masks and
photochemistry mechanism but just printing out of a vat of ceramic-
resin slurry [18]. Such DLP based CAM (DLP-CAM) processes are ex-
pected to inherit the advantages of polymer-based DLP [19,20]. How-
ever, it also carries the challenges due to the presence of ceramic
particles incurred in general VPP-CAM as introduced in Section 1.1.

As DLP-CAM is far from maturity, research is ongoing to advance it
from different perspectives and via different methods [21,22]. To
decrease the effect of light attenuation and scattering in VPP-CAM, the
most common approach is to adjust the resin formulation by using a
non-reactive light absorber, which reduces the penetration depth and
over-curing [11,12,23,24]. To address the issues of high viscosity and
slow speed, a top-down continuous liquid interface production (CLIP)
approach [10] is developed. In this approach, the oxygen-induced dead
zone is above rather than below the printing part and the print head
moves top down rather than bottom up. It has been employed to
accelerate the printing of dense SiOC ceramic components by using a
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natural continuous interface directly exposed to air (oxygen) rather than
having a constrained closed interface as in the original version of CLIP
[14]. But the oxygen inhibition in top-down DLP is uncontrolled [25],
causing nonuniform layer thickness and inhomogeneous surfaces and
requiring more exposure time [1]. To reduce the horizontal over-curing,
in addition to optimizing the precursor formulation, another approach
of research interest is to develop optimal greyscale mask projection that
can refine the print without compromising the build, but this needs
further investigation to understand its direct correlation [26,27].
Pattern density, exposure time and number of greyscale values used are
all parameters that should be combined optimally to determine the best
fit that will achieve best print quality, resolution and efficiency [28]. In
fact, various shapes and geometries require the use of different greyscale
masks, depending on the type of resins used as well as their photo-
polymerization properties. Moreover, while the greyscale mask projec-
tion can improve the print resolution, achieving high-quality surface
finishes remains challenging. A more sophisticated method has been
attempted to combine DLP and the two-photon polymerization (TPP) for
CAM, yet it is costly and has a rather complicated implementation [29,
30]. Other methods of improving DLP-CAM include the use of adaptive
layer thickness [31], as well as software-generated smart support sys-
tems [32-34]. However, these methods are facing drawbacks of limited
materials or low production scalability with the printed part being only
a few microns, opening the door for further study.

Overall, there is a critical lack of efficient and effective DLP-CAM
methods to simultaneously increase print speed as well as reduce
over-curing, especially lateral over-curing thus improves 3D geometrical
accuracy.

1.3. Objective of this work

Recently, researchers have demonstrated that a photopatterned in-
hibition zone, which is thicker than oxygen inhibition zone in CLIP, can
be induced by a separate light beam with a wavelength distinct from the
photopolymerization light and used in DLP to enhance the print speed
further, and even better, can achieve localized voxel thickness control
[35]. Such a photoinhibition aided DLP process holds promise to be
adapted to achieve fast and accurate DLP-CAM, thereby enhancing the
design freedom. However, no literature reports are available to explic-
itly investigate the effects of photoinhibition in the specific scenario of
ceramic slurry printing. To fill this gap, this work aims to initiate a
systematic study on photoinhibition aided CAM for enhanced under-
standing and wider application of such a potential technology.

In this work, we present an initial, systematic study on a novel two-
wavelength irradiated, photopolymerization-based and photoinhibition
aided DLP-CAM process, referred to as PinCAM. Unlike existing VPP-
CAM methods (Section 1), PinCAM uses two optical masks with dispa-
rate wavelengths and adjustable intensities, thus allowing for more
control over the curing process, thanks to the use of two wavelengths
rather than a single one, to attain desired part properties and print
speed. In current bottom-up DLP-VPP processes that are subjected to
constrained liquid interface, the print speed and part quality tend to vary
due to the adhesion or suction force between printed part and resin
substrate. Whereas in PinCAM, the photo-inhibitor induced inhibition
zone (or dead zone) can help reduce the separation force between the
resin substrate and printed part, thereby improving the print speed and
printed part’s geometrical properties (e.g., surface roughness, shapes
and dimensions, and resolutions). Adjusting the intensity ratio of the
inhibition and initiation lights (e.g., UV and blue lights in this work) can
change the inhibition zone thickness thus reducing the vertical separa-
tion force and interfacial shearing force. On one hand, thicker inhibition
zone is desired to further ease the substrate-print separation thus
accelerating the print and preserving the interfacial surface features.
Moreover, increasing inhibition can help decrease over-curing for
attaining better geometrical conformance. On the other hand, since the
print speed of a DLP-VPP process depends on layer exposure time, more
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inhibition necessitates greater exposure to ensure sufficient curing for
strong interlayer bonding and to avoid defects (e.g., deformations,
delamination, and cracks). As such, a dilemma exists while attempting
to apply photoinhibition in DLP-CAM for simultaneously improving the
print speed and geometrical fidelity. To unravel the paradox, we report a
preliminary experimental study that is needed to understand the re-
lationships among photoinhibition, photopolymerization, print speed,
and geometrical properties with a focus on vertical and lateral di-
mensions accuracy. This work will shed some light on future work to
establish PinCAM as an advanced ceramic manufacturing technology.

This paper is organized as follows: Section 2 details the methods,
materials, and experiment setup, while Section 3 presents the experi-
ment data analysis and results. Section 4 concludes the paper with dis-
cussion and recommendation for future work.

2. Methods and materials
2.1. Experimental setup of PinCAM

Our lab designed PinCAM system consists of two light sources
(PRO4500PRO6500, Wintech Digital Systems Technology, Carlsbard,
CA), which project two different light beams, one for polymerization
(blue light: 460 nm) and photoinhibition (UV light: 365 nm). A two-
wavelength mask is generated by combining two DMD projections of
the two light beams via collimating optics and transmitted to a precursor
vat. These two light sources are set up in junction with a movable build
platform which has a linear stage (LTS 150, Thorlabs, NJ). An in-house
LabVIEW software is developed to control both the photopolymerization
and photoinhibition parameters - the irradiation intensity and pattern
parameters accordingly as well as operate the build platform. Fig. 1
shows the PinCAM system setup.

In this work, grey scale masks of various light intensities for UV and
blue light are created using a MATLAB code (see Figure A-1 in the
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Appendix for masks). The projected shape into the precursor vat is a
circle of a diameter of 6750 um. Droplet feedstock via the use of a sy-
ringe guarantees a consistent, uniform resin layer, creating a mesh of
interconnected polymers in the mixture [36]. The feedstock volume
used for each print is 0.05 mL.

2.2. Feedstock material for PiInCAM

Like regular VPP processes, PinCAM essentially relies on photo-
polymerization reactions to form the polymeric base for a green ceramic
component. Meanwhile, photoinhibition is employed to confine the
curing region for speeding the process and enhance the part properties.
In this work, the photopolymerization is induced by photo-initiators -
Camphorquinone (CQ) and Ethyl-4-(Dimethylamino) benzoate (EDAB),
which act as catalysts to trigger the formation of polymer chains via the
propagation of the reactive species that crosslink monomers - Tri-
ethylene glycol dimethacrylate (TEGDMA) and bisphenol A-glycidyl
methacrylate (bis-GMA). On the other hand, the inhibition is prompted
by the use of photo-inhibitors - free radical 2-(2-chlorophenyl)-4,5-
diphenylimidazole (o-Cl-HABI) to control the curing [37].

The liquid resin is formulated as follows. Sigma-Aldrich is the pro-
vider for all the materials needed, which are used as received without
further modifications. The chemical structure of the molecules is shown
in Fig. 2.

e Monomers: 50 wt% TEGDMA, 50 wt% bis-GMA.
e Visible-light co-photo-initiators: 0.2 wt% CQ and 0.5 wt% EDAB.
o Free radical photo-inhibitor: 3 wt% o-CI-HABIL

To prepare the ceramic slurry, 50 wt% (weight percent) Alumina
powder consisting of Aluminum Oxide (Al,03) with a mean particle size
of 45 um and a purity of 99.9 % is mixed in 50 wt% of alcohol con-
taining 0.05 wt% Stearic acid. The particle size distribution is
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Fig. 1. Our in-house experimental system of PinCAM. (a) physical setup; and (b) schematic illustration.
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Fig. 2. Chemical formulas of materials used this study. Monomers: (a) TEGDMA and (b) bis-GMA. Photo initiators: (¢) CQ and (d) EDAB. Photo inhibitor: (e) o-

Cl-HABI.

undisclosed by the manufacturer, while the particle shape is irregular.
Please note that in this study’s scope, we focus solely on evaluating the
inhibition effect on the printing process and printed part properties. We
operate under the assumption that the suspension is thoroughly mixed,
with minimal batch-to-batch variations in particle size distribution. We
ensure this consistency through meticulous preparation of the slurry and
by utilizing the same batch of material for each experiment iteration,
thereby excluding the influence of particle size variations in different
PinCAM processing instances. Stearic acid is the dispersant, which sta-
bilizes the mixture by homogeneously dispersing the Aluminum Oxide
in the liquid medium containing alcohol. This prevents the settling and
aggregation of the ceramic particles, since the Stearic acid creates a
repulsive barrier between them, thus resulting in a uniformly distributed
suspension which will not clump later. The ceramic suspension is stirred
magnetically for 1 hour at a speed of 200 rpm, the later heated up to 80
degrees Celsius to remove any alcohol from the powder.

Finally, the PinCAM feedstock of ceramic slurry is obtained by
mixing 50 wt% of the prepared liquid resin with 50 wt% of the ceramic
suspension. The mixture is stirred magnetically at 30 degrees Celsius at a
speed of 200 rpm for 1 hour.

Prior to the PinCAM experiments, the feedstock slurry is tested by an
initial curing (see Fig. 3 below). Note that the purpose of this initial
experiment is to verify the developed material system, not the PinCAM
process. Therefore, no inhibition is used, and the curing condition is not
necessarily optimized, accounting for the observed deformation. The
part size increases with the increasing print time; however, the light
pattern and intensity remain the same. This is mainly due to the over-
curing issue introduced in Section 1. In the main experiment as pre-
sented in Section 3, PiInCAM will be demonstrated to be able to mitigate
the over-curing issue.

Photopolymerization typically occurs in stages. It starts when light
decomposes photo-initiators into active radicals R+ and effective radi-
cals. This is known as the decomposition phase (Eq.(1)). The effective
radicals then activate the monomer functional groups M, forming active
monomers RMx in the initiation phase (Eq.(2)). Propagation is when the
active monomers RMx react with one another forming several polymer
cross-links (Eq. (3)). Finally, the radicals react with each other, either
joining in one radical chain (Eq. (4)) or transferring from one chain to
another (Eq. (5)), resulting in the termination of the polymerization [35,
38-40].

et

N
\\YX");/‘A

Fig. 3. Initial testing of the developed PinCAM feedstock material system. The
curing time varies from left to right: 1 minute (a), 2 minutes (b) and 3 minutes
() under a curing light with a circle pattern and an intensity of 4.73 mW/cm?>.

N]
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7804

absorb photons

Initiator Rx (€8]
R+ + M —RMsx 2
RMx* + M, — RM* 3
RM,,+ + RM,+* — RM,RM, (©)]
RM,,* + RM,* — RM,+RM, 5)

When using the feedstock of ceramic slurry, the photopolymerization
process follows the same steps described [41]. Since the ceramic parti-
cles are dispersed in the liquid medium, they become trapped by the
polymer networks once the photopolymerization starts. In fact, upon
absorption of energy by photo-initiators after light exposure, the pho-
topolymerization of monomers is triggered, causing the formation of a
solid polymeric network. This polymer matrix plays the role of a binder,
encapsulating the ceramic particles together to form the desired struc-
ture once the resin is fully cured. It is important to note that the green
ceramic part formed will need to be sintered. This ensures particle
consolidation, densifying the build. During this process, the ceramic
particles undergo neck formation, where adjacent particles fuse together
when they come into contact, thanks to the high temperatures used.

Fig. 4 shows the photopolymerization-based CAM process. After the
light exposure, the monomers and ceramic particles are bonded by cross
links, forming a solid when the liquid resin is fully cured.

2.3. Modeling the PinCAM process characteristics

Conventional VPP-CAM uses a single one-wavelength light source to
activate photopolymerization. In contrast, our proposed PinCAM pro-
cess uses a curing wavelength (460 nm in this work, denoted as Igp,) to
initiate photopolymerization, coupled with an inhibiting wavelength
(365 nm in this work, denoted as Iyy) to simultaneously inhibit the
curing reaction. Here, the inhibition zone height can be estimated by a
literature model [35], as shown in Eq. (6).

Iyv.o
IBlue0

lo

Inhibition zone height: Hpy = ——"——
euvCuv — €BiueChiue

Tyv.o

IBiue.0

" 1/hyy — 1 /R

Ipiue,0 and Iyy,o are the values of blue and UV light intensity incident
at the bottom of resin vat, respectively. f is the inhibition coefficient - a
lumped constant that incorporates the ratio of inhibitor to initiator ab-
sorption cross section, quantum yields, and reaction rate constants. eyy
and ey, are the UV and blue wavelength specific molar absorptivity of
the absorbing species. Cyy and Cpy,e are the molar concentrations of the
UV-light-absorbing and blue-light-absorbing species, respectively. hyy
and hpy, are the absorption heights of the UV and blue light, respec-
tively. Generally, the absorption height at a certain wavelength is

©
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Cross-links

Fig. 4. Photopolymerization-based ceramic additive manufacturing process. Photo-initiators are excited by light radiation causing bonds between the different
molecules to form. The radicals keep the polymerization going until the liquid polymer is fully cured.

defined as the inverse of the sum of the products of each absorbing
species’ molar absorptivity at that given wavelength and its molar
concentration and is equal to the depth into a medium where each
wavelength of light is 90 % attenuated. Specifically, in this work, we use
one type of initiator and one type of inhibitor (Section 2.2), and the
absorption heights can be calculated as below:

1
UV light absorption height: hyy = @
eyvCyy
s . . 1
Blue light absorption height :  hgpe = ——— (8)
eBlueCBlue

Cured height H, can also be related to the blue light absorption
height as shown in Eq. (9), involving the ratio of the input energy dosage
Einpy and the critical energy E. — minimum amount of energy needed for
curing of the material (Ejnpu/Ec) [42].

E:
Heyre = hblueIOg ?Ht
c

Cured height : ,whereEjpu =  Ipeot 9

The maximum print speed Sy is estimated by a function as shown in
Eq. (10). relating the absorption heights at each wavelength, hyy and
hpye, the intensity of those wavelengths, and the critical amount of en-
ergy E.. These values and their relationship will supply a basis for

optimizing print speed.

Iblue.Ohblue — ﬂIUV,OhUV

E (10)

Maximum print speed :  Spaxx
It is worth noting that the values of inhibition constant f, initiator
and inhibitor’s molar concentration and absorptivity (thus absorption
height), all depend on the precursor composition and light path.
Experiment is needed to determine these parameters for each specific
material formulation. More error and uncertainty are anticipated while
characterizing these parameters for the more complex PinCAM process
where the ceramic-resin slurry tend to be nonuniform in composition
and deflect the light, in contrast to existing photoinhibition aided DLP-
VPP [30,38] that handles only photo resin without solid inclusions.

2.4. Characterization of PinCAM-printed parts

In order to accurately characterize the dimensions and surface pro-
file of printed samples, we use the Keyence VR-3200 Optical Profil-
ometer — with a flexible optical microscopy and metrology platform.
This system allows us to acquire and analyze with high precision the
geometrical properties of the prints. Each sample’s thickness and
diameter are measured using this profilometer system with
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representative image scans of some printed samples of green ceramic
parts being shown in Appendix Figure A-2.

3. Results and discussion

To demonstrate the potential ability of PinCAM, it is essential to
examine the inhibition and curing characteristics and their effects on
print speed and dimensional accuracy. In this section, we present an
initial experimental study to evaluate the correlation of the two-
wavelength exposure intensities with the inhibition zone thickness,
the working curve thus the critical energy and depth of penetration, as
well as the print speed and as-printed ceramic part dimensions.

3.1. Inhibition zone characterization

As introduced in Section 2.3, studying the inhibition zone allow us to
estimate the print size and speed thus optimize the two-wavelength
exposures for accomplishing PinCAM. Knowing the inhibition zone
height will also help determine a proper positioning of the build head in
the vat to guarantee accurate control of layer thickness. To characterize
inhibition zone, existing research on photo-inhibited DLP processes
would cure samples within a simplified setup that comprises two glass
slides with a spacer in between and then measure the cured sample
thickness, from which the inhibition zone height is derived by sub-
tracting the sample thickness from the spacer thickness [35]. However,
the ex-situ setup might be different from the actual DLP print environ-
ment, since the spatial distributions of material composition and light
energy within the curing chamber can vary due to the distinct precursor
volume, species diffusion, and light transmission within a real DLP vat.
Therefore, in this work, we will directly use the actual DLP build-head
and vat separated by a constant spacer distance of 1000 um, to form a
chamber for charactering the inhibition zone more accurately.

Specifically, the ceramic slurry is exposed to (a pattern consisting of
a circle of 936 pixels in diameter, corresponding to 6750 um on the vat)
of co-incident UV and blue light for a constant period of time —
60 seconds. This pattern stays the same for all experiments in the sub-
sequent sections, while the exposure time tested for is varied. Eight
different Iyy/Ipy, ratios are chosen to study the variation of the sample
thickness and consequently the inhibition zone as the UV and blue light
intensity ratio changed: Iyy/Igy. = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2 and 1.4.
The height of each cured sample is measured using the Keyence optical
profilometer (see Appendix Figures A-3 and A-4). The corresponding
inhibition zone height is determined by subtracting the cured thickness
of each sample from the cured thickness values of the pure blue sample,
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resulting in the inhibition ratio Iyy/Igye = 0. While subtracting the cured
thickness from the distance between the build-head and vat-substrate is
another possible measurement method, we chose to use uninhibited
samples that are generated using pure curing light (blue light in this
study) as a reference to account for the overcuring issues and mea-
surement difficulties caused by sample deflection.

Meanwhile, it is important to find out whether the individual curing
light intensity Igy, could affect the inhibition zone thickness given the
same Iyy/Ipye ratio. Although the models in Section 2.3 indicate that
only the ratio determines the inhibition zone, we suspect that the species
concentration might be affected by local curing and diffusion that is
subjected to Ipp,. It is likely that species (e.g., initiators and monomers)
concentrations would change significantly thus affect the inhibition
zone as per Eq. (1). To understand the effect of curing light on inhibition
zone, two sets of inhibition zone characterization experiment are con-
ducted using two levels of curing light intensity (Ipue), i-e., Ipne =
2.45 mW/cm? and Ige = 1.40 mW/cm?, with the same varying series of
Iyy/Ippe ratio. Each experiment set has three replications. Table A-1 in
Appendix summarizes the experimental results at this stage. The plot of
inhibition zone height in relation to the Iyy/Igy, ratio and curing light
intensity is shown in Fig. 5. We can see that the thickness of the inhi-
bition zone increases logarithmically to the Iyy/Ipy, ratio.

From Fig. 5, we notice that using a lower light intensity of 1.40 mW/
cm? allows to have a relatively larger inhibition height compared to the
use of a light intensity of 2.45 mW/cm?. We observe that samples do not
cure for inhibition ratios larger than and equal to Iyy/Ipy,. = 0.8, when a
lower blue light intensity of 1.40 mW/cm? is used, even with an expo-
sure time of 60 s.

Journal of the European Ceramic Society 44 (2024) 7801-7824

For a higher blue light intensity of 2.45 mW/cm?, the datapoint
resulting from the use of a ratio of Iyy/Igle = 0.2, can be considered as
an outlier due to potential measurement error. Moreover, the observed
jump in the inhibition zone height for Iyyy/Ipy. > 1, can be attributed to
the intensity ratio being smaller than, but close to 1, which is approxi-
mately the threshold value of % (derived from Eq. (6)). This threshold

value causes a significant increase in the inhibition zone thickness. This
possible threshold value is evident in the three similar inhibition zone
thickness values observed when Iyy/Igye = 0.4, 0.6, and 0.8. Therefore,
we adjust the curve-fitted parameters to disregard the average mea-
surements for Iyy/Ige = 0.2 and observe a more suited trend. Indeed,
when using a higher blue light intensity, curing is more dominant
compared to inhibition, consequently, significant inhibition variations
aren’t observed for small ratios of Iyy/Igy. = 0 and Iyy/Igy. = 0.2. We
notice an increase of the inhibition zone when choosing a ratio of Iyyy/
Ige = 0.4, with a continued exponential increase proportional to the
ratio used, with the exception of Iyy/Igy. = 0.8.”

There are several possible reasons to explain these observations.
Firstly, when the blue light intensity is low, the photo-initiators present
in the feedstock resin may not absorb enough photons to reach their
activation threshold. Consequently, the polymerization initiation is
incomplete, resulting in lower curing thicknesses and higher inhibition
heights. Moreover, during photopolymerization, the diffusion of photo-
inhibitors is easier through less cured resin such as in the case of lower
curing light, thus increasing the inhibition effect.

Moreover, by curve fitting with Eq. (6) in Section 2.3, we estimate
the inhibition zone characteristic parameters including the coefficient f,
and the absorption heights of UV and blue lights - hyy and hpy,e, as shown

— — —Fitted curve of inhibition zone height vs. I,,/Ige With lg,. = 2.45 mW/cm?
= = ~Fitted curve of inhibition zone height vs. I,,/Ige With Ig,. = 1.40 mW/cm?
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Fig. 5. Inhibition zone average of all three replications in relation to the variations of Iyy/Ipy,. ratios and curing light Ipy,. (a) dark-blue bars and curve: Igy, =

2.45 mW/cm?, (b) light-blue bars and curve: Igy, = 1.40 mW/cm?
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in Appendix Table A-2. The absorption heights hyy and hpy, are related
to the energy light absorption of the liquid resin, while the inhibition
coefficient # depends on its concentration. In this study, f is set to be 1
throughout the experiments with the resin composition remains the
same as in literature [42]. Generally, the inhibition height is influenced
by the absorption heights hyy and hpgye. A higher UV absorption height
implies that the curing blue light energy is attenuated over a greater
depth within the resin, resulting in a larger region where the curing
reaction is inhibited. Conversely, a higher blue absorption height in-
dicates a lower attenuation of the inhibiting UV light, as light penetrates
deeper into the material. Indeed, blue light has lower energy and is
absorbed more compared to UV light, the latter being more likely to
cause electronic transitions and bond breaking. It is important to note
that the variations of hyy and hpy, provide insights into the
wavelength-dependent light absorption behaviors of the resin system.
For a blue light intensity of 2.45 mW/cm?, we observe an initial increase
followed by a decrease and subsequent fluctuations in the blue light
absorption height hpy,. The UV light absorption height hyy initially in-
creases for an inhibition ratio of Iyy/Ipy,. = 0.8, only to decrease again. A
similar behavior occurs for a lower blue light intensity of 1.40 mW/cm?.
It appears that as the inhibition thickness increases (as seen in Fig. 6),
the blue light absorption hgy, decreases drastically, especially when
using a lower blue light intensity; when the blue light intensity is lower,
the decrease observed is slow.

Fig. 6 shows the absorption heights variations for both blue light
intensities used. It also shows that at the Iyy/Ipye ratio of 0.4 in the two
cases of different blue light intensity, the UV absorption height value
(hyy) is negative while the blue light absorption (hgy) is especially high
than the cases of other Iyy/Ipy. ratios. This unexpected result is con-
jectured to be because UV light might help cure the resin instead of
inhibiting it under certain setting. In other words, the inhibitors could
play the role of initiators under some light intensity or concentration
ratio. The negative values observed are treated as outliers pending
further study. More experiments are needed to confirm this finding.

Overall, the results of this experiment show that utilizing photo-
inhibition can reduce the curing thickness, and manipulating the curing
light intensity and the ratio between curing and inhibition can help
achieve the desired sample dimensions. Additional experiments and
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their corresponding results will be discussed in subsequent sections.

3.2. Working curve characteristics under the effect of inhibition

An important metric for studying photopolymerization is introduced
by Jacobs as a standard design equation [43], and used extensively in
literature to extract E. and D, from given experimental data [44]:

Dyln (E)

C; =
d E

an

Where Cj is the curing thickness, D, is the penetration depth, E is the
energy of the light source and E, is the critical energy.

To understand the curing behavior under the effect of inhibition,
working curves of uninhibited and inhibited samples are measured
during experimental PinCAM prints under different inhibition and
curing intensity ratios — Iyy/Ippe. Samples are printed for each given Iyy/
Igpe ratio with the curing time ranging from 20 s to 60 s. Note that an
increase in the exposure time is accompanied by an increase in the
exposure energy dosage. Three replications are conducted for each
experiment setting (i.e., under each set of Iyy/Ipe and exposure time).
As in those typical VPP processes, depth of penetration D, and critical
energy E. are estimated from the experimental working curve fitting
using Eq. (11) and shown in Appendix Table A-3. Appendix Figure A-5
shows an example of how the working curve data is retrieved and
interpreted. By deriving these values, we can make predictions about the
exposure energy and time required to achieve the desired thickness.
More importantly, we can examine the trends of E. and D, under
different ratios of Iyy/Ippe.

Overall, the plots in Fig. 7 summarize the results. As the energy
dosage increases, we can see an increase in the curing thickness for each.
The increase is significant, and all ratios exhibit a similar trend for the
two different Igy,. light intensities used. Both plots confirm the hypoth-
esis as tested in Section 3.1 that while the Iyy/Ipy, ratio directly de-
termines the inhibition zone, the curing light intensity Iy, also affects
its behavior, owing it to the changing concentrations of the interactive
species which respond differently to the varying Iy, intensities. For a
curing intensity of Iy, = 2.45 mW/cm?, samples cured without inhi-
bition have higher heights than those with an inhibition ratio of Iyy/Ip.

m hBlue - IBlue = 2.45 mW/cm?
m hUV - IBlue = 2.45 mW/cm?
B hBlue - IBlue = 1.40 mW/cm?
AUV - IBlue = 1.40 mW/cm?

Absorption height (um)

-1000

-2000

0.8 1.2

Inhibition ratio Iy/lpue

Fig. 6. Absorption heights hgy,. and hyy for Ige = 2.45 mW/cm? and Igye = 1.40 mW/cm?. Error bars represent standard deviations of three replications. For Igye =
2.45 mW/cm?, the absorption height hyy value observed is negative for an inhibition ratio of Iyy/Igy. = 0.4, and therefore considered as an outlier not shown in the
figure. Using a lower blue light intensity of Iz, = 1.40 mW/cm?, no curing occurs for Iyyy/Igy. = 0.8 and Iyy/Igy. = 1.2, thus no corresponding plots for hgy,, and hyy

are shown.
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Fig. 7. Working curves under different inhibition and curing light exposures. Blue light intensity Iz, = 2.45 mW/cm? (left) and Igye = 1.40 mW/cm? (right). (Note:
The error bars represent standard deviation of three replications. E. and D, values are estimated by averaging the replications (see Table A-3).

= 0.4, followed by samples cured with a ratio of Iyy/Ipy. = 0.8, then
lastly those with a ratio of Iyyy/Ipe = 1.2. Using I, = 1.40 mW/cm? we
notice a similar trend, but lower sample curing heights compared to
similar inhibition conditions with a higher blue light intensity (i.e., Igy,
= 2.45 mW/cm? in this work).

From the experimental data, using an intensity of Iy, = 2.45 mW/
cm?, we notice a significant increase in the critical energy values when
introducing inhibition, followed by a slight decrease in the values which
stabilizes. The penetration depth on the other hand increases when
introducing inhibition — from 319 um to 685 um —, then starts to drop to
460 um after an inhibition ratio of Iyy/Igy. = 0.8, followed by 414 um
for IUV/IBlue =1.2.

Further, we investigate the E. and D, under the same Iyy/Ipye ratio
but different curing light intensity (Ipy,). For a blue light intensity of
1.40 mW/cm?, the critical energy starts to decrease once inhibition is
introduced - decreases from 17.45 mJ to 13.51 mJ. The penetration
depth decreases too, from 713 um to 474 um. However, nothing can be
said about neither the critical energy nor the penetration depth for the
inhibition ratios of 0.8 and 1.2 since no resin cures.

Based on the fact that an increase in inhibition results in a decrease in
the amount of light reaching the sample, we deduce that a higher
amount of energy is needed to supplement the inhibited radicals to
achieve the desired polymerization. As such, the critical energy value E,
would increase with inhibition as shown in Fig. 7 (details in Table A-3).
With lower critical energy, liquid resin gets cured more easily. Cured
parts tend to absorb and scatter the curing light thus impeding the
penetration of light through the material. As a result, the depth of
penetration depth D, is usually smaller in the cases that uses lower or
even no inhibition and thus require less critical exposure energy.
However, from Fig. 7 we also see that D, tends to decrease as the inhi-
bition ratio goes beyond 0.4. This could indicate that excess inhibition
might cure the resin instead (corroborating our discussion about the
observed negative hyy in Section 3.1), thereby reducing the light
penetration. While some of these observations are intuitive given the
role of inhibition in PinCAM, it is worth noting that our experiment
reveals the increase of E. engendered as the Iyy/Ipy. ratio increases,
while D, values fluctuate between an increase and a decrease, suggesting
a complex and delicate interplay of inhibition and initiation in PinCAM.
Further investigations are needed and will include more detailed ana-
lyses to elucidate the underlying mechanisms and trends driving the
observed differences.
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3.3. Effects of inhibition and curing on PinCAM process and product

This subsection aims to understand the correlation of the inhibition
and curing characteristic metrics with the PinCAM processing speed and
its as-printed green parts geometrical properties including dimensional
accuracy and surface roughness.

3.3.1. Geometric accuracy with a focus on tackling three-dimensional over-
curing

To address the outstanding issue of over-curing in VPP-PAM (dis-
cussed in Section 1), we focus on evaluating the effectiveness of PinCAM
in reducing over-curing in the lateral dimension by two metrics as fol-
lows. First, we focus on comparing the cured diameter against the
diameter of the circle pattern projected on the platform (i.e., 6750 pm)
to evaluate whether PinCAM can yield a lateral dimensional accuracy
that is often overlooked in current research (see Section 1.2). Second, we
aim to achieve the desired lateral diameter while minimizing the cured
height and reducing exposure time. It’s important to note that these
experiments don’t have a specific target height in mind; instead, the goal
is to enhance vertical resolution and mitigate the inherent staircase ef-
fect associated with VPP.

Both the cured samples’ diameter and height values are plotted as a
function of exposure time for varying Iyy/Ipy, ratios and two levels of
blue light intensities (Figs. 8 and 9). We observe a decrease in the values
of sample diameter as inhibition increases. Although the diameter values
are slightly lower than 6750 um, they are still close to that value
(Table A-4). For instance, using a blue light intensity of 2.45 mW/cm?,
samples have diameters of 6822 ym (Iyy/Igy. = O, relative error
(6822—-6750)/6750 = 0.01), 6558 um (Iyy/Ippe = 0.4, relative error =
0.02), 6287 um (Iyy/Ippe = 0.8, relative error = 0.06) and 6240 pm (Iyy/
Igwe = 1.2, relative error 0.07) respectively, associated with an
exposure time of 60 s. This clearly demonstrates that inhibition effec-
tively reduces lateral over-curing but needs an optimal inhibition ratio
as the case of Iyy/Ippe = 0.4 seems to achieve the smallest relative error
among all the tested ratios in this study. A higher blue light intensity
allows us to achieve values that are closer to the target. Meanwhile, it is
worth mentioning that even a lower blue light intensity of 1.40 mW/cm?
reduces lateral over-curing. Indeed, a higher blue light intensity can
ensure better results, as it provides more energy to initiate and complete
the curing process. However, it must be carefully controlled to prevent
overcuring, a concern that is typically more manageable when using
lower light intensities.
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Fig. 8. Cured diameter and height varying with exposure time for a blue light intensity Iz, = 2.45 mW/cm? and all inhibition ratios (Iyy/Igye) tested.
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Fig. 9. Cured height and diameter varying with exposure time for a blue light intensity Iz, = 1.40 mW/cm? and all inhibition ratios Iyy/Igy. tested.

Simultaneously analyzing the cutting height and diameter data al- exposure time of 44 s, the target diameter is best attained. However, the
lows us to see that while a custom diameter can be achieved by cured height exceeds 1000 pm, which implies a too-low vertical reso-
increasing exposure time, vertical over-curing heightens. Indeed, for a lution and a too-large layer thickness, leading to potential vertical
blue light intensity Ig,. = 2.45 mW/cm?, using no inhibition level for an dimensional error and staircase error in the final printed parts.
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Introducing an inhibition (such as Iyy/Igy. = 0.8) would allow for a
slightly larger diameter but smaller cured height. The same trend is
observed in the case of using a blue light intensity of Igy, = 1.40 mW/
cm?, where an exposure time of 60 s is promising to reach the target
diameter and an addition of inhibition can help bring down the vertical
height. Although non-optimal results are accomplished yet in this work,
these initial observations with encouraging trends indicate that opti-
mizing the curing light intensity and inhibition ratio will likely be able
to help VPP processing of ceramic parts with improved accuracy and
resolution in all three dimensions. Future research on process optimi-
zation is recommended for establishing the promising PinCAM process.

Our results demonstrate a decrease in curing heights, because of an
increase in the level of inhibition. By utilizing PinCPAM, we can effec-
tively achieve the target height in a shorter exposure time, as inhibition
reduces vertical over-curing.

Overall, when using pure blue light, the curing height reaches a
maximum value — 1125 um for Igy, = 2.45 mW/cm? and 1084 um for
Iie = 1.40 mW/cm? — yet the sample is at a high risk of over-curing
since there’s no inhibition to contain the process (target values to
mimic is 1000 pm). Using photoinhibition thus allows to have better
control over the desired sample thickness. For an Iyy/Igy, ratio of 0.4,
the achieved thickness was 1070 um and 972 pum for exposure times of
44 s and 60 s respectively, using a light intensity of Ipy, = 2.45 mW/
cm?. Using a blue light intensity of Iz, = 1.40 mW/cm? on the other
hand, allows to get a sample height of 837 um, for an exposure time of
60 s, with the same inhibition ratio.

3.3.2. Surface roughness

Surface roughness directly affects the friction and overall build
performance. In conventional VPP-CAM, either the recoating process or
the suction force between the constrained surfaces of build head and
substrate could highly influence the surface roughness. Herein, we aim
to understand how photoinhibition in PinCAM can allow to achieve the
desired surface quality of the build. To reiterate, the presence of the
photoinhibition zone is expected to reduce surface imperfections, bumps
and irregularities that could be caused while moving the print stage to
separate the cured part from substrate.

Generally, the surface roughness is quantified by the arithmetic
average roughness (Sg), which provides information about the overall
roughness of the surface. The value of S, can be evaluated by the gov-
erning equation:

1
Se= T/\z(x)| .dx 12)

where: Lis the diameter of the sample to be analyzed, and [ |2(x) | .dx
denotes the integral of the absolute value of the sample height z(x)
evaluated over the sampling diameter. Fig. 10 below is a 3D image scan
of the surface roughness of some cured samples. Since the arithmetic
average roughness S, is a good indicator of the variations, we rely on this
parameter to determine how the surface roughness of the samples
analyzed above changes with respect to varying exposure time for
different inhibition levels, disclosing the potential role of inhibition zone
in improving surface finish due to reduced interfacial force. Appendix
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Figure A-6 illustrates the 3D surface roughness of a few samples ob-
tained via the Keyence profilometer scans, where surface irregularities
are evidently seen.

When using a blue light intensity of Igy, = 2.45 mW/cm?, for a
sequence of exposure times (20s, 28s, 365, 44 s, 52’5, and 60 s) as
shown in Fig. 10 and Fig. 11, the medium inhibition ration of Iyy/Ipy,. =
0.8 gives the best surface finish overall. Low levels of inhibition may fail
to generate a sufficiently thick inhibition zone, leading to significant
suction forces between the slurry and the printed part, which can
roughen the surface. Conversely, high levels of inhibition may markedly
reduce curing, resulting in inadequate binding strength and more pro-
nounced surface roughness. Therefore, it’s not surprising that we
observe the existence of a certain sweet spot where optimal medium
inhibition yields the smallest surface roughness. Besides, Fig. 11 shows
that samples cured for 36 s exhibit larger surface roughness than the
non-inhibited sample cured for the same amount of time and the
roughness increases with the inhibition ratio. This is the only case that
shows such an abnormal trend compared to the other cases of different
exposure times. When cured for 36 s only, the samples start to shrink as
the inhibition level increases. This results in an increased surface
roughness, as shrinkage causes internal stress within the material,
leading to the formation of defects as the material tries to maintain its
shape. Another possible explanation to this abnormality would be the
light intensity variability and stability over time, which can result in
uneven curing. However, further experimentation is needed in future
research to uncover the exact underlying cause. With a light intensity of
Iswe = 1.40 mW/cm?, the results on surface roughness are not as
conclusive as in the case of Igye = 2.45 mW/cm?, probably due to the
relatively less-cured parts being more fragile to other environmental
factors such as stage movement and resin flow (see Table A-5). In this
case, although the surface roughness behavior fluctuates as the exposure
time changes, most of the time the inhibited samples display lower
roughness than the non-inhibited samples. As such, we can conclude the
inhibition effects on surface finish are more tangible with higher light
intensities (see Fig. 11).

All these observations imply that while inhibition is demonstrated to
be capable of improving in-process layer surface smoothness (mainly
due to increased dead zone thickness thus reduced suction force), there
is a great need for finding an optimal combination of curing light in-
tensity and inhibition ratio to achieve a good surface roughness in
PinCAM.

3.3.3. Print speed

In order to understand how inhibition would affect the ceramic
printing process, we evaluate the vertical print speed with respect to
exposure time for the two light intensities Ipy, investigated in this study
for varying inhibition ratios Iyy/Ipy., (see Fig. 12).

It is intuitively understandable that in general the print speed is
higher with lower inhibition as shown in the case of high curing light
intensity (Igy,e = 2.45 mW/cm?) in Fig. 12. Meanwhile, it is interesting
to find that at this curing light intensity (Igye = 2.45 mW/cm?), the non-
inhibited speed (blue curve) will decrease as exposure time increases
and tends to be flatter at longer exposure time (> 36 s in this case). This

Fig. 10. Keyence VR-3200 images of samples cured under different inhibition conditions for an exposure time of 60 s: (a) Iyy/Ipwe = 0, (b) Iyv/Ipwe = 0.4, (¢) Iyv/Ipwe
= 0.8, (d) Iyy/Ipwe = 1.2. This demonstrates that inhibition allows to get smoother surfaces.
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Fig. 11. Inhibition effects on surface roughness.
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Fig. 12. Vertical print speed variations with respect to exposure time for two different levels of blue light intensity Iy, and all inhibition ratios Iyy/Ipy. tested.

is probably due to the saturation of curing species such as free radicals. It
also shows that the inhibited process speed could be close to the non-
inhibited speed at certain exposure time with certain level of inhibi-
tion. For example, using a light intensity Igye = 2.45 mW/cm? under a
medium inhibition level of Iyy/Ipye = 0.4 allows for printing the sample
with similar speed to the pure blue light curing at exposure times of >
36 s. It is worth noting that this combination of inhibition ratio 0.4 and
exposure time of 36 s gives rise to a potentially near-optimal setting for
tackling over-curing (see Section 3.3.1).

In the case of a light intensity of Ipy, = 1.40 mW/cmz, the non-
inhibited print speed drops at the beginning and increases as exposure
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time increases to 52 seconds, followed by a drop again. This case is not
that conclusive with an irregular pattern, which could be partly because
of experiment errors. However, it might also indicate that the inhibitors
could contribute to the curing at longer exposure time as conjectured in
Sections 3.1 and 3.2. Besides, the medium inhibition ratio Iyy/Igye = 0.4
generates a notable speed improvement for an exposure time of
36 second as well.

The observations jointly indicate that using a suitable combination of
curing light intensity and inhibition light intensity, the PinCAM process
can achieve a print speed that is comparable to traditional VPP-CAM
processes for printing parts with desired geometrical fidelity. While
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these results do not directly establish conclusive trends within the
studied range and considering variations within experimental error,
they offer indicative evidence suggesting a potential relationship be-
tween print speed and inhibition parameters. Further experiments are
recommended to substantiate and refine the preliminary observations.
Herein, our initial results together show that PinCAM holds the promise
to improve the geometrical and surface properties without a significant
sacrifice of print speed.

3.3.4. Microstructure

Since microstructure critically affects the quality and properties of
fabricated parts, it is interesting to investigate the effect of inhibition on
PinCAM microstructure [45-47]. It is worth noting that no
post-processing (e.g., debinding, sintering) is required in this study, as
the focus lies solely on evaluating the PinCAM processing itself. To
achieve this, we conducted a preliminary characterization of the mi-
crostructures of our PinCAM-printed green ceramic samples using
scanning electron microscopy (SEM). At this early stage, we aim to
qualitatively evaluate the homogeneity, porosity, and any cluster ag-
glomerations within the printed green ceramics. A recurring concern is
the representativeness of the captured image for the sample. To address
this, we meticulously scrutinized the sample preparation process to
ensure unbiased particle deposition during the printing process. Addi-
tionally, we systematically examined and documented numerous parti-
cles at various magnifications, ultimately selecting representative
images. This approach enhances the likelihood of an unbiased portrayal
of the sample, albeit at the expense of significant time and resources. We
also attempted SEM imaging of representative cured green ceramic
samples at various resolutions and magnifications (see Appendix
Figure A-7). Our SEM images reveal the microstructural features of the
printed ceramics, including the formation of clusters for Iyyy/Ipy,. = 0 and
the presence of porosity upon solidification due to polymerization (see
Fig. 13). Small grain sizes appear in a concentrated density. The cluster
agglomerations observed show a grain isotropy typical for VPP printing,
as reported by other research studies [48-51].

Additionally, we characterize samples cured via different inhibition
ratios for a high blue light intensity, to determine how they are affected
by the inhibition ratio variations. By examining the apparent porosity as
shown in the SEM images (Fig. 14), we can make a preliminary inference
of the porosities and densities of the as-printed green ceramic samples. It
appears that when there is no inhibition (Iyy/Ipy. = 0), the printed
sample exhibits small clusters and noticeably more pores compared to
those cured by PinCAM with a non-zero inhibition ratio (Iyv/Ipe)-
Increasing the inhibition ratio helps to smooth the texture, reduce the
pores and particle agglomerations, and densify the ceramic part, making
the sample more homogeneous, as confirmed by the elemental quanti-
fication analysis (see Appendix Figure A-8, Figure A-9 and Figure A-10).

Elemental mapping analysis using SEM and an energy-dispersive
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detector (EDS) was employed to evaluate the distribution of aluminum
(Al) and carbon (C) in the printed green bodies (Fig. 15). A noticeable
disparity in the dispersion of Al and C was detected between samples
printed with inhibition light and those without. The findings indicate
that inhibition results in a more homogeneous distribution of Al within
the polymer matrix compared to samples produced with the conven-
tional VPP process, which exhibit noticeable clusters with varied com-
positions of C and Al. This improvement could reduce defects during
subsequent debinding and sintering processes, when the green organic
components are removed, thus enhancing the integrity of green bodies.
The reason for this improvement may be that inhibition reduces the
separation forces during the printing process, given that DLP-based VPP
is a bottom-up process that requires a high separation force when each
layer is removed from the resin chamber, causing delamination defects
[50,52,53]. Further experiments are needed to validate this observation.
Nevertheless, our experimental results consistently suggest that optimal
curing light intensity and inhibition ratio are crucial for achieving Pin-
CAM with high speed and high quality, including geometrical accuracy,
surface finish, good density, and homogeneity.

3.4. Evaluating the PinCAM model

In this section, we aim to examine the validity of PinCAM models as
presented in Section 2.3 for predicting print speed and cured part
thickness. Specifically, experiment data and results (e.g., 8, hyv, hgiue, Ec,
Dy) from Sections 3.1 and 3.2 are used to estimate each sample’s theo-
retical prediction of cured height by Eq. (9) and the corresponding
process’ maximum print speed by Eq. (10) (see Tables A-6 and A-7 for
data). Further, the model predictions of sample height and maximum
print speed are compared to the experiment result from Section 3.3,
which provides the actual print speed and geometric dimensions with
respect to the different curing light intensities and different Iyy/Ippe
ratios. As a systematical study of the PinCAM process, this comparison
will allow us to evaluate the accuracy of using a simplified model that is
initially developed for photo inhibited DLP to predict the PinCAM
properties. It will also reveal the effects of curing and inhibition light
intensities on the specific photo inhibited DLP-based ceramic printing
process speed and part geometry. Moreover, it is expected that the
experimentally validated analytical model will offer a tool to design the
material system and two-wavelength exposure settings in the future for
accomplishing an optimal PinCAM process.

Table A-8 presents a comparison between the curing height and print
speed experimental values and the calculated predictions, which can be
seen in Fig. 16. While the results aren’t perfect, overall, both the
experimental and predicted values converge to the same values, veri-
fying the hypothesis that the use of inhibition can confine the horizontal
profile curing and thus improve both lateral and horizontal dimensions.

The fact that most of the predicted values align closely with the ones

Fig. 13. SEM scan of ceramic samples printed using Iz, = 2.45 mW/cm? for a ratio of Iyy/Igye = 0. The images reveal the presence of cluster agglomerations within

the cured green body of ceramics.

7812



Y. Bensouda et al.

% Polymer

Journal of the European Ceramic Society 44 (2024) 7801-7824

Fig. 14. SEM scans of the samples cured with varying inhibition ratios (a) Iyv/Ipwe = 0, (b) Iyv/Ipwe = 0.8, (d) Iyy/Ipwe = 1.2. As the inhibition ratio increases, the
samples become more homogenous, with ceramic and polymer zones overlapping.
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Fig. 15. SEM scans of the samples cured with varying inhibition ratios, showing the elemental composition of each sample (left: overlapping map of aluminum and

carbon, center: alumina, right: carbon).

obtained through experimental testing suggests that the theory in Sec-
tion 2.3 is applicable to PinCAM and the hypothesis proposed in this
study is valid. While these findings are reliable and not mere chance
occurrences, further research can allow for better comprehension of the
trends and mechanisms examined to optimize the PinCAM process.

4. Conclusion

This first-of-its-kind, systematic study is aimed to pave the founda-
tion of developing a new process - PinCAM as a potential approach to

7813

improve the performance of VPP-based ceramic suspension printing and
the resulting properties of as-printed green ceramic components. Our
experiment results indicate that adding a second light to traditional VPP
can offer an extra control variable for enhancing VPP-based ceramic
printing. Specifically, PinCAM is shown to help enhance three-
dimensional accuracy and resolution as well as reduce surface rough-
ness, all with a decent exposure time or even less time especially
compared to traditional approaches that would resort to lower curing
light intensity. There is a promising basis for further studies to use the
models and parameters discovered here to confirm the effectiveness of
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Fig. 16. Comparative analysis plot between experimental values and predicted values of sample height and print speed for varying inhibition ratios and two different
blue light intensities Iz, = 2.45 mW/cm?and Iy, = 1.40 mW/cm?. (Note: No data points under the inhibition ratios of 0.8 and 1.2 for Iz, = 1.40 mW/cm? due to no
curing observed in these two cases.).

photo inhibition in printing geometrically precise models with higher features.

print speeds. Ultimately, PinCAM will be developed to become a mature The significant outcomes of this work can be summarized as follows:
technology for allowing rapid fabrication of complex 3D ceramic com-

ponents with accurate shapes and sizes as well as fine surface and
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e To the best of our knowledge, this is the first time that inhibition
zone and working curve are characterized for the PinCAM process. A
pilot study is conducted using two different levels of curing light
intensity and several levels of inhibition ratio. The resulting inhibi-
tion parameters and E.-Dpymodel can be used to pick a suitable pro-
cess setting of PinCAM.

We found that inhibition could reduce overcuring and increases the
curing depth but only with a proper combination of inhibition and
curing light intensities according to our observed inhibition and
curing characteristics that exhibit different trends beyond certain
level of inhibition ratio. This research study serves as a proof-of-
concept for future development of the PinCAM method at a larger
scale.

In general, increasing inhibition would slow down the print due to
the consumption of the initiative species. However, the experiments
conducted allow us to see that inhibition would significantly reduce
print speed only for the lower region of exposure time (< 36 s in this
case of using I, = 2.45 mW/cm?) and could be roughly the same
fast as non-inhibited (conventional) VPP-CAM as the exposure time
increases due to possible saturation of curing species at the higher
region of exposure time. That is, the inhibited process speed could be
close to the non-inhibited speed at certain exposure time with certain
level of inhibition meanwhile. Our experiment results also indicate
that employing medium inhibition levels provides enhanced control
over three-dimensional over-curing, surface quality, green part
porosity, and density with minimal impact on print speed. Compared
to samples produced using conventional VPP processes, which
exhibit heterogeneous agglomerations with varying composition
percentages of ceramic and polymer particles, we observe that in-
hibition enables a more uniform distribution of ceramic and polymer
particles within the green body.

We also evaluated the applicability of general photo inhibition aided
VPP process models for estimating the print height and speed of
PinCAM. Both the experimental and predicted results converge,
providing a theoretical basis for further modeling and optimizing the
PinCAM processes.

Overall, this work proves that PinCAM has the potential to control
the manufacturing of complex ceramic shapes precisely and efficiently
through manipulating the complex interplay of photo inhibition and
photo polymerization. Optimal inhibition and curing light intensities
will facilitate a synergistic interplay to generate a favorable three-
dimensional inhibition zone, which can prevent both vertical and hor-
izontal over-curings and ease the part-substrate separation, thereby
enhancing the print properties and process speed. Future research on the

Appendix
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PinCAM process should take into account the use of different prepara-
tion methods of the resin such as ball milling, as an alternative to
magnetic stirring. This could open the door to studying how the resin
suspension preparation procedures affect the characteristics of the
printed samples. Other resin mixtures can also be tested for a chance to
optimize the ceramics printing process. Moreover, printing in controlled
atmospheres, such as a resin tank filled with an inert gas like nitrogen,
can be introduced to study how the surface quality can be improved.
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Figure A 1. Sample greyscale projection masks with varying light intensities generated by MATLAB code for blue light. Left to right: greyscale = 150, 200 and 255.
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Figure A 2. Microscope image scans of some printed samples of green ceramic parts.
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Figure A 3. Curing thickness variations for three experimental replications and their average using a high blue light intensity Ipje = 2.45 mW/cm?
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Figure A 4. Curing thickness variations for three experimental replications and their average using a low blue light intensity Igye = 1.40 mW/cm?.
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Figure A 5. Working curve for the E.- D, model for Iyy/Ige = 0.8. In order to cure a sample with a 0.6 mm thickness, the critical exposure energy required is
62.68 mJ/cm?, which means that the exposure time should be around 26.94 s.
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Figure A 7. SEM scans of the cured ceramic samples, observed at different resolutions and magnifications. (a) mag. x250, (b) mag. x2500, (c) mag. x20,000.
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Figure A 8. SEM scan and elemental analysis of sample cured with Iyy/Ipjue = O.

Figure A 9. SEM scan and elemental analysis of sample cured with Iyy/Ige = 0.8.
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10 um

Figure A10. SEM scan and elemental analysis of sample cured with Iyy/Igjye = 1.2.

Table A 1
Inhibition zone height for different Iyy/Ipjye ratios under two different levels of curing light intensity Ipjye.

Ipe intensity Iyv/Ipwe  Exposure Sample Height Average Standard Inhibition zone Average Standard
(mW/cm?) ratio time (s) measured by Keyence Height (um) Deviation (um) Inhibition zone Deviation
Profilometer (um) (um)
R1 R2 R3 R1 R2 R3
2.45 0 60 1499 1114 884 1165.67 310.74 0 0 0 0.00 0.00
0.2 1441 1555 985 1327.00 301.62 58 -441 -101 -161.33 254.91
0.4 1430 1305 953 1229.33 247.34 69 -191 -69 -63.67 130.08
0.6 1320 1295 1136 1250.33 99.80 179 -181 -252 -84.67 231.09
0.8 1309 975 1051 1111.67 175.07 190 139 -167 54.00 193.08
1 879 853 849 860.33 16.29 620 261 35 305.33 295.01
1.2 850 834 811 831.67 19.60 649 280 73 334.00 291.77
1.4 723 713 705 713.67 9.02 776 401 179 452.00 301.75
1.4 0 60 940 1000 980 973.33 30.55 0 0 0 0.00 0.00
0.2 664 898 917 826.33 140.91 276 102 63 147.00 113.41
0.4 600 815 723 712.67 107.87 340 185 257 260.67 77.57
0.6 439 401 566 468.67 86.41 501 599 414 504.67 92.55
0.8
1 No curing occurs
1.2
1.4
Table A 2
Inhibition zone characterization parameters calculations.
Iglue intensity (mW/cm?) Tuv/1Biue Inhibition height (um) hpiye (um) hyy (um) Inhibition coefficient g
R1 R2 R3 R1 R2 R3 R1 R2 R3
2.45 0 0.00 0.00 0.00 1720.00 600.00 1080.00 0.00 0.00 0.00 1
0.4 110.00 10.00 340.00 3390.00 2670.00 890.00 -300.00 -30.00 -18,710.00
0.8 380.00 320.00 -20.00 780.00 1660.00 1940.00 970.00 3290.00 200.00
1.2 440.00 270.00 60.00 790.00 1360.00 1938.00 680.00 960.00 510.00

(continued on next page)
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Table A 2 (continued)

Igiue intensity (mW/cm?) Tuv/1Biue Inhibition height (um) hpiye (nm) hyy (um) Inhibition coefficient g
R1 R2 R3 R1 R2 R3 R1 R2 R3
1.40 0 0.00 0.00 0.00 1180.00 2060.00 3220.00 0.00 0.00 0.00
0.4 60.00 370.00  320.00 2430.00 2090.00 1790.00 -160.00  -1670.00  -1460.00

Table A-3 shows the E. and D,values for the three chosen Iyy/Ipy. ratios retrieved by curve fitting, for three different experimental replications —
denoted as R1, R2, and R3 respectively.

Table A 3
- Ec and Dy, values under different Iyy/Ipjye ratios for two different curing light intensity Ipjye (Note: the red values are apparent outliers thus not included in the average
calculation).

I curing light intensity (mW/cm?) Iyv/Ippe ratio E. (mJ) Dy (um)
R1 R2 R3 Average R1 R2 R3 Average
2.45 0 6.07 0.03 2.82 4.44 387 133 251 319
0.4 28.06 23.75 1.17 25.90 762 608 196 685
0.8 29.45 15.38 14.24 19.69 567 379 434 460
1.2 30.01 10.85 19.1 19.98 498 307 438 414
1.40 0 12.92 19.10 20.19 17.45 510 895 734 713
0.4 15.452 14.22 10.85 13.51 553 475 395 474
Table A 4 -
Diameter measurements, vertical and volumetric printing speed calculations for two different levels of curing light intensity Igjye With varying exposure time.
IBiue intensity (mW/i cm?) Iyv/Ipye ratio Exposure time (s) Curing height (um) Diameter (um) Vertical printing speed (um/s)
R1 R2 R3 R1 R2 R3 R1 R2 R3
2.45 0 20 744.00 967.00 826.00 5676.00 5654.00 5686.00 37.20 48.35 41.30
28 1077.00 1091.00 711.00 5898.00 5986.00 5945.00 38.46 38.96 25.39
36 1043.00 911.00 770.00 6230.00 6020.00 6288.00 28.97 25.31 21.39
44 983.00 1345.00 893.00 6494.00 6650.00 6631.00 22.34 30.57 20.30
52 1253.00 1021.00 1019.00 6719.00 6737.00 6782.00 24.10 19.63 19.60
60 1227.00 1109.00 1039.00 6790.00 6851.00 6827.00 20.45 18.48 17.32
0.4 20 404.00 585.00 734.00 4631.00 4811.00 4938.00 20.20 29.25 36.70
28 624.00 383.00 670.00 4845.00 4173.00 5012.00 22.29 13.68 23.93
36 972.00 754.00 913.00 5749.00 5739.00 5770.00 27.00 20.94 25.36
44 1067.00 1165.00 979.00 5971.00 6098.00 6280.00 24.25 26.48 22.25
52 1262.00 957.00 1124.00 6107.00 6680.00 6559.00 24.27 18.40 21.62
60 1118.00 1096.00 702.00 6530.00 6599.00 6547.00 18.63 18.27 11.70
0.8 20 369.00 539.00 459.00 4408.00 4712.00 5135.00 18.45 26.95 22.95
28 325.00 450.00 725.00 5139.00 5596.00 5353.00 11.61 16.07 25.89
36 581.00 476.00 842.00 5604.00 5630.00 5467.00 16.14 13.22 23.39
44 904.00 947.00 1089.00 5966.00 6006.00 6026.00 20.55 21.52 24.75
52 858.00 864.00 674.00 5886.00 6086.00 6153.00 16.50 16.62 12.96
60 843.00 785.00 1061.00 6020.00 6119.00 6723.00 14.05 13.08 17.68
1.2 20 319.00 440.00 413.00 4043.00 3717.00 4356.00 15.95 22.00 20.65
28 361.00 589.00 523.00 4151.00 4222.00 4636.00 12.89 21.04 18.68
36 404.00 739.00 798.00 4265.00 4426.00 4522.00 11.22 20.53 22.17
44 722.00 568.00 715.00 5247.00 4500.00 5596.00 16.41 12.91 16.25
52 769.00 752.00 708.00 6050.00 5867.00 6053.00 14.79 14.46 13.62
60 786.00 841.00 983.00 6081.00 6450.00 6190.00 13.10 14.02 16.38
1.40 0 20 493.00 320.00 322.00 5218.00 5353.00 5094.00 24.65 16.00 16.10
28 485.00 601.00 452.00 5417.00 5704.00 5538.00 17.32 21.46 16.14
36 672.00 853.00 497.00 5628.00 5866.00 5316.00 18.67 23.69 13.81
44 677.00 1174.00 841.00 5745.00 5992.00 5735.00 15.39 26.68 19.11
52 903.00 1313.00 1034.00 5747.00 6031.00 5724.00 17.37 25.25 19.88
60 1061.00 1144.00 1047.00 6041.00 6049.00 6306.00 17.68 19.07 17.45
0.4 20 392.00 434.00 266.00 5074.00 4568.00 5311.00 19.60 21.70 13.30
28 429.00 233.00 477.00 5101.00 5620.00 5594.00 15.32 8.32 17.04
36 666.00 697.00 859.00 5615.00 5752.00 5720.00 18.50 19.36 23.86
44 732.00 701.00 793.00 5657.00 5890.00 5558.00 16.64 15.93 18.02
52 822.00 872.00 610.00 5709.00 5925.00 5476.00 15.81 16.77 11.73
60 1004.00 779.00 729.00 5838.00 5600.00 5823.00 16.73 12.98 12.15
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Table A 5
Surface roughness measurements for Igj,e = 2.45 mW/cm? and for Igle = 1.40 mW/cm? using the Keyence profilometer.
Ipye curing light intensity (mW/cm?) Iyy/Ipie ratio Exposure time (s) Surface roughness S, (um)
R1 R2 R3 Average
2.45 0 20 164 133 102 133.00
28 136 138 94 122.67
36 119 95 55 89.67
44 105 200 107 137.33
52 123 120 132 125.00
60 134 152 113 133.00
0.4 20 75 98 182 118.33
28 97 64 112 91.00
36 114 86 102 100.67
44 207 142 126 158.33
52 198 155 103 152.00
60 174 116 101 130.33
0.8 20 50 73 45 56.00
28 46 79 91 72.00
36 94 78 148 106.67
44 172 19.5 159 116.83
52 94 103 105 100.67
60 74 86 122 94.00
1.2 20 37 81 63 60.33
28 54 64 105 74.33
36 55 142 185 127.33
44 108 113 160 127.00
52 133 147 111 130.33
60 121 125 142 129.33
1.40 0 20 39 53 38 43.33
28 71 118 54 81.00
36 75 122 64 87.00
44 61 170 93 108.00
52 92 253 167 170.67
60 114 192 178 161.33
0.4 20 63 82 37 60.67
28 47 28 58 44.33
36 77 143 95 105.00
44 104 80 103 95.67
52 120 145 106 123.67
60 113 104 91 102.67
Table A 6
Heure and Smax calculations for Igje = 2.45 mW/cm?>.
Iyv/IBye ratio hpiye (pm) hyy (um) Iyy (mW/cm?) E, (mJ/cm?) Smax (um/s) Hcure (um)
0 1130 0 0 2.97 933.69 1376.55
1541.67
1665.00
1763.48
1845.47
1915.69
0.4 2320 -6350 0.98 17.66 353.35 1031.71
1370.72
1623.94
1826.13
1994.45
2138.63
0.8 2030 1490 1.96 19.69 148.81 806.84
1103.48
1325.05
1501.96
1649.24
1775.40
1.2 1830 720 2.95 19.98 106.26 715.61
983.03
1182.76
1342.25
1475.02
1588.75
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Table A 7
Hcure and Spax calculations for Igy,e = 1.40 mW/cm?

Journal of the European Ceramic Society 44 (2024) 7801-7824

Tyv/Ipwe ratio Piue (pm) hyy (um) Iyy (mW/cm?) E (mJ/cm?) Smax (um/s) Hcure (um)
0 3140 0 0 17.4 90.69 645.67
1104.52
1447.23
1720.88
1948.69
2143.83
0.4 2320 -1100 0.55 13.51 110 732.30
1071.32
1324.53
1526.72
1695.04
1839.22
Table A 8
Comparison between experimental and predicted print speed and height, under two blue light intensities for varying inhibition ratios.
1Biue Iyv/ Predicted Predicted Print Actual Sample Height  Actual Print Speed Average Average Print Height Speed
(mw/ IBtye Sample Height Speed (um/s) (um) (um/s) Sample Height  Speed (um/s) Error (%) Error (%)
2
cm’ m) m]
) (um) R1 R2 R3 R1 R2 R3 (umm)
2.45 0 990 16.7 1440 1273 1202 244 21.6 204 1305.0 221 24.1 24.5
0.4 1000 16.9 1160 1122 1184 197 190 237 11553 20.8 13.4 18.7
0.8 910 15.4 1091 1086 1014 185 184 17.2 1063.7 18.0 14.4 14.6
1.2 820 13.9 917 1082 991 155 183 16.8 996.7 16.9 17.7 17.5
1.40 0 990 19.7 996 977 1220 199 195 244 1064.3 21.3 7.0 7.3
0.4 780 15.5 801 806 685 16.0 16.1 13.7 764.0 15.3 2.1 1.5
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