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Abstract: Controlling the feature resolution and dimension of printed products using stereolithog-
raphy requires a comprehensive understanding of compositional and printing variables. Balancing
these variables adds more complexity to manufacturing near net shape products. In this study,
the compositional variables examined include particle size and solid content using two resins, and
printing variables include layer thickness and energy dose. Choosing the energy dose for curing
depends on compositional variables and consequently affects the degree of scattering. The results
shows that light scattering determines the changes in the feature resolution and lateral dimensions.
The layer thickness only affects the feature resolution and not the lateral dimensions. The vertical
dimension does not significantly change with the chosen variables. In this study, fine-tuning the
variables is shown to produce parts with high precision and resolution. Both compositional and
printing variables play a key role in achieving near net shape products.
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1. Introduction

Structural integrity, dimensional control, and feature resolution are fundamental
requirements in the research and industry of freeform fabrication by stereolithography [1–6].
In this process, the parts are built using sequential stacking and recoating of layers. The
materials are crowded photocurable suspensions, consisting of photoactive components,
cross-linkable polymer, and a high concentration of solid particles [5,7–12]. During the
building process, the layers are formed through a selective photopolymerization reaction,
during which photons interact with the medium through absorption and scattering modes
initiating photopolymerization. Some of the light is absorbed by photoactive components,
polymer, and solid particles, while the other portion is scattered in random directions by the
solid particles. The uncontrolled interaction causes strong scattering and insufficient cure
depth, which is described by light attenuation. The strong scattering negatively impacts
the lateral dimensional resolution [13–15], while the insufficient cure depth reduces the
interlayer adhesion, causing delamination and cracks [4,8,9,15–19]. An optimized energy
dose is essential to achieve a strong interlayer adhesion while maintaining a low degree of
scattering. A high energy dose provides a strong layer lamination, but it results in excess
lateral dimensions.

The volume of a single layer is determined by the layer height and exposure area. Each
layer’s height is predetermined by the building platform’s position while also constrained
by how far the light travels in the vertical direction. The exposure area determines the
lateral dimensions and depends on the degree of scattering. This volume can be described
by cure depth and width and studied using theoretical models based on Jacob’s equa-
tion [7,9,13–18,20,21]. The depth and width depend on the compositional variables, such as
particle size, solid content, refractive index difference, absorption coefficient, and printing
variables, such as the energy dose [7,9,12–17,22,23]. Previous studies did not examine both
compositional and printing variables together to achieve fine-tuned products. Namely,
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what is the correlation between compositional and printing variables? How do they impact
the resolution of products? In few studies, the solid content was shown to impact the direc-
tional shrinkage, and printing variables determine the feature sizes [4–6,24]. The printing
direction was also shown to influence the degree of deviation in shrinkage and dimensional
accuracy of parts [25]. In another study, the cure depth and width were examined as a
function of energy dose using a fixed compositional variable that was chosen based on its
desirable rheological properties [26]. Additionally, the feature resolution, printing scale,
and speed were also shown to be improved by developing a printer that uses a dynamic
projection scanning lithography technique with digital super resolution [27]. In our pre-
vious study, the impact of layer thickness and energy dose on interlayer adhesion and
dimensional control was examined using commercial feedstock with fixed compositional
variables and a limited energy dose range [28].

Therefore, it is important to understand how both compositional and printing variables
control the feature resolution and dimensions and the correlation between these variables
in a stereolithography process. In this context, alumina suspensions with Newtonian-
like behaviors were designed to examine these variables. This study centered around
understanding the role of particle size and solid content using two different resins and
studying the effects of layer thickness and energy dose, allowing us to fine-tune variables
to achieve near net shape.

2. Experimental Procedure
2.1. Materials

Two alumina powders with different particle sizes, AA07 and AA3 (Sumitomo Chemi-
cal, Tokyo, Japan), were used in this study (Table 1 and Supplementary Figure S1). AA07
powder (d50 = 1.35 µm) was finer than AA3 powder (d50 = 2.76 µm) as measured with the
dynamic light scattering method using Mastersizer 3000 (Malvern Panalytical Ltd., Malvern,
UK). Their morphology was equiaxed (Supplementary Figure S1a), which was chosen to
avoid any dimensional changes associated with particle orientation induced by the cast-
ing shear rate. Typically, the refractive index (n) of alumina at 589.0 nm was 1.752 [29],
which is higher than the refractive index of resins (Resin1 = 1.477 and Resin2 = 1.483),
as shown in Table 1. The photocurable resins were a proprietary acrylate-based poly-
mer, consisting of an oligomer (70.0 %wt.), a monomer (27.0 %wt.), and diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) (3.0 %wt.) as a photoinitiator without any addi-
tional dyes and inhibitors. Resin1 (R1) had a difunctional monomer, and Resin2 (R2) had a
trifunctional monomer [30]. The preparation of resins is described elsewhere [30]. During
resin preparation step, the dispersant, acidic polyether (BASF, Ludwigshafen, Germany)
with a density of 1.18 g/cm3, was added to the oligomer. The dispersant to alumina weight
ratio was 0.5% in all suspensions.

Table 1. Different particle size of alumina powders, a range of solid content used with varying resins,
and the difference in refractive index between solid and resin. The density of alumina was measured
using a helium pycnometer, Autopyc II (Micromeritics, Norcross, USA). The solid content reflected a
range of (~45.0–54.0) %vol. Regarding the sample labels, FA stands for fine alumina, and CA stands
for coarse alumina. R1 stands for Resin1, and R2 stands for Resin2. Our d50 values were slightly
different from the values on data sheets provided by the manufacturer, which were 0.83 µm for AA07
and 3.4 µm for AA3 powders.

Samples Solid Content
(%wt.) Powder Particle Size,

d50 (µm)
Density
(g/cm3)

Refractive Index
Difference Resin

FA-R1
75–82 AA07 1.35 4.01

0.275 Resin1

FA-R2
0.269

Resin2

CA-R2 75.0 AA3 2.76 4.06 Resin2
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The characteristics of resins, such as viscosity, density, refractive index, and cure
depth of Resin1 and Resin2, are shown in Supplementary Table S1. Since Resin1 had
lower viscosity, it allowed an increase in solid content to ~54 %vol to study the effect of
the alumina concentration. Additionally, the difference in the refractive index between
resins is very minimal. Therefore, we do not expect this difference to change the degree of
scattering behavior when using Resin1 and Resin2. However, the difference in refractive
index between a solid and resin is large, so it may impact the degree of scattering.

2.2. Suspensions Preparation

Suspensions, for which the compositions are shown in Table 1, were prepared using a
dual asymmetric centrifugal (DAC) mixer (FlackTek Inc., Landrum, SC, USA) with cylindri-
cal alumina media (12.0 mm height) using two different mixing chamber volumes for two
different purposes. The chambers had maximum volumes of 40.0 mL and 200.0 mL; four
media were used with the smaller chamber to prepare suspensions for characterizations,
while the larger chamber used six media to prepare suspensions for printing. The materials
were mixed using a stepwise method for a total of 6.0 min while maintaining a 20.0 mbar
vacuum to remove trapped air. The mixing speed and duration of the stepwise method
were 1050.0 rpm (2.0 min), 1250.0 rpm (2.0 min), 1950.0 rpm (1.0 min), and then 1200.0 rpm
(1.0 min). The alumina powders were then added in portions depending on the chamber
volume and solid content to ensure a high degree of dispersion. They were mixed in
2–3 equal portions in the 40.0 mL chamber and 4–5 equal portions in the 200.0 mL chamber.
The final mixture was additionally mixed 1–3 times to ensure a high degree of dispersion in
some cases. Suspensions were aged 24–27 h before characterization and 96 h before use for
printing. During and after the aging step, most suspensions showed stable viscosity values
indicating a stable interparticle interaction in the prepared suspensions. However, few
samples with very high solid content potentially exhibited a certain degree of coalescence
of particles as indicated by the very slight decrease in viscosity over time (Supplementary
Figure S2).

2.3. Suspension Characterization

Two main assessments were performed: viscosity and degree of agglomeration mea-
surements. The viscosity was measured within a shear rate of (0.1–300.0) s−1 using a
Kinexus rotational rheometer (Netzsch Instruments, Selb, Germany) at 25.0 ◦C. A small
volume of the suspension was placed gently between two parallel plates with a diameter
of 25.0 mm, and the gap between them was 0.5 mm.

The level of the coarse agglomerate was identified using an automated fineness of
grind (FOG) gauge, TIDAS (Labman Automation Ltd., Stokesley, UK). This apparatus
consists of a metal block and scraper, and the metal block has a tapered channel, which
consists of precise incremental depths. The scraper is drawn across the channel to trap
the agglomerate and create striations that form at depths corresponding to their size. The
agglomerates and striations were analyzed using a built-in image analysis software to
provide the agglomerate size distribution. The images were divided into three regions,
which were region I (green color), region II (blue color), and the transition region (the
area between regions I and II). In this study, a gauge with a range of (0–100) µm was
used. The drawdown velocity was changed in a few experiments to trap and visualize the
agglomerates of very viscous suspensions. More details about this test and the difference
between the regions are described elsewhere [31].

2.4. Cure Depth and Width Changes Measurements

The suspensions were cured with a digital light projector (DLP), Admaflex 130 (Ad-
matec Europe BV, Alkmaar, The Netherlands), using an energy dose of 6.2–88.9 mJ/cm2 as
shown in Supplementary Table S2. The curing system projects an image with a wavelength
of 405.0 nm and a pixel size of 35.0 µm. The lateral dimensions of the projected image were
(5.0 × 5.0) mm. The samples were cleaned with ethanol and paper towels in a consistent



Ceramics 2023, 6 2039

manner. The cure depth was measured using a high-precision micrometer, and the cure
width changes were measured using an optical microscope, Keyence digital microscope
(Keyence, Osaka, Japan).

2.5. Printing and Dimensional Measurements

The samples were printed using Admaflex 130. It is derived from the tape casting
concept, which consists of a doctor blade with a reservoir. It casts a thin coat of suspension
under the building platform, which acts as the vat for photopolymerization, as shown in
Figure 1. The casting shear rate was 150.0 s−1 and the doctor blade height was 200.0 µm.
The system is designed to recollect the remaining suspension into the reservoir, but this
was not applied here to avoid contamination. The cured layer was detached from the foil
after 5.0–10.0 s using a slow speed of 0.025 mm/s for a distance of 0.5 mm away from
the foil. Two layer thicknesses, 20.0 µm and 50.0 µm, along with two energy dose levels,
were utilized to understand their impact on feature resolution and dimensional control
(Supplementary Table S2). The energy dose was altered depending on the suspension.
However, the ratio of the targeted cure depth to layer thickness was kept consistent. The
targeted cure depth is the cure depth used for printing, which is higher than the printing
thickness to ensure interlayer adhesion. Here, we employed two different targeted cure
depths, which were 3× and 7× the layer thickness with a tolerance of ±20.0 µm.

Figure 1. Schematic of the tape casting-based printer, Admaflex 130. The printer uses a digital light
processing system for curing and a doctor blade for spreading the materials. The z coordinate is the
building direction, and the x and y coordinates are the casting substrate.

An hour before printing, the materials were remixed to further remove trapped air
using a DAC mixer under low-shear conditions: 800 rpm for 2 min under a 20 mbar vacuum.
After printing, the samples were cleaned using acetone to remove the residual uncured
suspension.

The prepared samples were debound and sintered following designed heating profiles
(Supplementary Figure S3). The term debound refers to thermally treated samples at
600.0 ◦C; thus, a low residual carbon was expected. The design of these profiles was
described elsewhere [30]. The dimensions were measured at two stages: after printing and
after sintering using the Keyence digital microscope. The dimensional changes of as-printed
samples were calculated with respect to the CAD model, which was (5.0 × 5.0 × 5.0) mm,
while the dimensional changes in as-sintered samples were calculated with respect to
the dimensions of as-printed samples. The changes in dimensions were defined using
positive and negative signs to distinguish the difference between the increase or reduction
in dimensions. A positive value meant growth in dimensions due to the scattering effect,
whereas a negative value indicated shrinkage. The lateral directions are indicated by the x
and y axes, and the z axis indicates the vertical direction.

2.6. Microstructure Visualization

The microstructure of some samples was visualized. The visualization was conducted
using a field emission scanning electron microscope (FESEM) (Zeiss, Oberkochen, Ger-
many). Before imaging, the samples were polished to obtain a mirror-like finish.
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3. Results and Discussion
3.1. Suspension Characterization

Figure 2 shows the viscosity and shear stress of suspensions as a function of the shear
rate (0.1–300 s−1) at 25.0 ◦C. All the suspensions composed of fine alumina (FA-R1 and
R2) exhibited shear rate-independent viscosity, except for the low- and high-end ranges
of shear rates. At the low-end range of the shear rate, <~1.0 s−1, the viscosity slightly
decreased with increasing shear rate. Then, it exhibited Newtonian-like behavior, followed
by a drastic drop in viscosity starting at ~100.0 s−1. This drop in viscosity resulted from the
instability and reduced volume of suspensions between the parallel plates at the high-end
range of shear rates. The suspension consisting of coarser alumina (AA3) and Resin2,
labeled CA-R2, showed a slight increase in viscosity with shear rate, indicating a shear
thickening behavior. However, it also showed a drastic drop in viscosity at the high-end
range of shear rates. The overall viscosity increased with solid content and decreased with
coarse particles, as expected. A closer look at the shear stress-shear rate plot (Figure 2b)
revealed that all suspensions had a linear behavior as a function of shear rate, indicating
that these systems overall exhibited a Newtonian-like behavior except for the high-end
range of shear rate. These observations might indicate a good dispersion of the alumina
particles in suspensions, as hypothesized in the literature [11].

Figure 2. (a) The viscosity and (b) shear stress of suspensions measured within a shear rate of
(0.1–300.0) s−1 at 25.0 ◦C.

According to the literature, the stereolithography suspensions typically exhibit a
shear thinning behavior and relatively low viscosity [6,22,32–37]. Yet, the suspensions
with Newtonian-like behaviors were also produced in a few studies [11,38]. Our findings
also support that suspensions with Newtonian-like behaviors can be printed using a
stereolithography apparatus based on the tape casting method.

Figure 3 shows segmented images of the agglomeration distribution obtained using
the automated FOG gauge. All the suspensions prepared showed a high level of dispersion,
i.e., only a few coarse agglomerates with sizes larger than and around 10 µm were detected
as indicated by the green dots on the images. The suspension with coarser particles showed
a slightly higher count of coarse agglomerates than those with finer particles. The images
also showed that the region II area (blue color) increased with coarser particles, which are
agglomerates/features that TIDAS software cannot distinguish individually.
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Figure 3. Analyzed images of the automated FOG gauge surface of the suspensions. (a) Suspensions
composed of Resin1 and AA07 powder with different solid contents. (b) Suspension composed of
Resin2 and AA07 powder. (c) Suspension composed of Resin2 and AA3 powder. The solid content is
indicated underneath the images. AA07 powder was finer than AA3 powder.

3.2. Cure Depth and Width Changes

Figure 4 shows the cure depth as a function of energy dose for varying suspensions.
In all suspensions, the cure depth increased with energy dose and particle size. That is,
the coarser particles resulted in a higher cure depth (Figure 4a). In our previous work,
we found that this behavior is attributed to the increase in scattering length because of
a reduced depth attenuation coefficient with particle size. In other words, the degree of
scattering was reduced with larger particle size [39]. On the other hand, varying solid
content did not show a significant difference in cure depth (Figure 4b). This behavior may
have resulted from either the small range of solid content, which might not show any
significant changes in cure depth, or the independence of the depth attenuation coefficient
and critical energy dose on solid content, as we have previously shown [39].

Figure 4. Cure depth (Cd) as a function of energy dose. (a) Three suspensions with a solid content of
75.0 %wt.; one suspension consisted of Resin1 with fine powder, and two others consisted of Resin2
with fine and coarse powders. (b) The suspensions consisted of Resin1 with fine powder, and the
solid content varied (75.0–82.0 %wt).

Figure 5 shows the changes in cure width as a function of energy dose for varying
suspensions. The cure width increased with the energy dose for all suspensions. Some
studies reported this behavior, which is caused by the increase in scattering in lateral
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directions [4,13,14,19]. However, the variations in particle size and solid content did not
result in a clear cure width change, which was not detectable using this method of single-
layer curing. Therefore, the cure width of fully printed objects will be measured to study
the changes in lateral dimensions.

Figure 5. Cure width changes in lateral dimensions (x and y) as a function of energy dose. (a) Three
suspensions with a solid content of 75.0 %wt.; one suspension consisted of Resin1 with fine powder,
and two others consisted of Resin2 with fine and coarse powders. (b) The suspensions consisted of
Resin1 with fine powder, and the solid content varied (75.0–82.0 %wt).

3.3. Feature Resolution

In this section, the term feature resolution is used to evaluate the overall sharpness of
the sample’s edges and how well the shape and edges of the letter “z” on printed samples
are defined (Figures 6 and 7). Next, the term surface flaws corresponds to cracks, openings,
and delaminations observed using an optical microscope and FESEM.

Figure 6 shows the effect of energy dose, layer thickness, and particle size on the
feature resolution of the printed objects. The images were taken perpendicular to the
printing direction. The data showed that lowering the energy dose while using a 50.0 µm
layer thickness (Figure 6a for fine alumina) improved the feature resolution as compared
to high energy doses with a 50.0 µm layer thickness (Figure 6b) because of a lower degree
of scattering. However, the reduction in energy dose (Figure 6a,d) also resulted in more
surface flaws as compared to high energy dose counterparts (Figure 6b,e, respectively).

Under the same conditions, the flaws were more noticeable with coarse powder, CA-
R2, than fine powder, FA-R2. The flaws potentially resulted from the shear thickening
behavior, which added additional stress on the interlayer adhesion when a low targeted
cure depth was applied.

However, the overall viscosity of coarse powder suspensions is still lower than fine
powder (Figure 2), which makes the cause of the flaws unclear. Increasing the energy dose
with thicker layers mitigated the surface flaws (Figure 6e).

Reducing layer thickness allowed a high targeted cure depth to layer thickness ratio
while maintaining a lower energy dose for curing, which resulted in improvement in
feature resolution (Figure 6c,f). The low energy dose used with the thinner layer produced
a cure depth of 7× layer thickness, while the similar energy dose used with the thicker
layer produced a cure depth of 3× layer thickness. This condition also mitigated the flaws
for printed samples only with coarse powder (Figure 6f). Since the degree of scattering was
reduced by lowering the energy dose, thinner layers printed with lower energy allowed
the creation of conditions to provide a high interlayer adhesion and high feature resolution.
Thus, overall, it seems that 20.0 µm layer thickness and a low energy dose are favorable
conditions for printing.
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Figure 6. Optical microscope images of as-printed ceramics perpendicular to the printing direction
(z axis). The effects of layer thickness and energy dose on feature resolution and flaws are shown
using samples with two different particle sizes. They contained a solid content of 75.0 %wt. The
samples with fine alumina, AA07, were printed under the conditions of (a) low energy dose and
50.0 µm layer thickness, (b) high energy dose and 50.0 µm layer thickness, and (c) low energy
dose and 20.0 µm layer thickness. The samples with coarse alumina, AA3, were printed under the
conditions of (d) low energy dose and 50.0 µm layer thickness, (e) high energy dose and 50.0 µm
layer thickness, and (f) low energy dose and 20.0 µm layer thickness.

Figure 7. Optical microscope images of as-printed ceramics perpendicular to the printing direction
(z axis). The effects of the solid content on feature resolution and flaws are shown using samples
composed of AA07 and Resin1. The solid content was (a) 75.0 %wt. and (b) 82.0 %wt. They were
printed using a low energy dose and 20.0 µm layer thickness.

Figure 7 shows the effect of solid content on the feature resolution of the printed
objects using 20.0 µm layer thickness and a low energy dose. Overall, it seems that the
increase in solid content reduced the resultant feature resolution. All printed samples with
higher solid content showed more surface flaws than what shown above.

It is worth noting that more surface flaws were seen in Resin1 samples using a low
energy dose and 50.0 µm layer thickness. The high energy dose and 50.0 µm layer thickness
resulted in a very low resolution, as seen previously with Resin2 samples.
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A closer examination of the microstructure of selected samples showed that some
of these flaws were interlayer delaminations (Figures 8 and 9). They were located at or
closer to the surface. Most of the samples had none to less than ~300.0 µm delaminations;
however, cracks reached ~800.0 µm as noted in the 75.0 %wt. FA-R1 sample. Additional
images of the samples are shown at a lower magnification in the Supplementary Materials.

Figure 8. Scanning electron microscope images show the effect of layer thickness and energy dose
using samples with two different particle sizes. They contained a solid content of 75.0 %wt. The
as-printed samples with fine alumina, AA07, were printed under the conditions of (a) low energy
dose and 50.0 µm layer thickness, (b) high energy dose and 50.0 µm layer thickness, and (c) low
energy dose and 20.0 µm layer thickness. The as-debound samples with coarse alumina, AA3, were
printed under the conditions of (d) low energy dose and 50.0 µm layer thickness as well as (e) high
energy dose and 50.0 µm layer thickness. (f) Schematic shows how the stair-wise pattern is formed.

Figure 9. Scanning electron microscope images show the effect of solid content using as-printed
samples composed of AA07 and Resin1. The solid content was (a) 75.0 %wt. and (b) 82.0 %wt. They
were printed using low energy dose and 20.0 µm layer thickness.

Another type of defect was also noted from closer microstructure observation
(Figures 8 and 9), which is a stair-wise pattern along edges. It was more clear with thicker
layers and when the degree of scattering was stronger. The finer alumina samples with thin-
ner layers did not show a strong stair-wise layer pattern mainly because of their thin layers
(Figures 8c and 9). However, the 50.0 µm layer thickness prints of finer alumina samples
showed a stair-wise pattern when an equivalent low energy dose was used (Figure 8a,c).
Increasing the energy dose while printing using thicker layers resulted in an odd pattern
along the edges (Figure 8b), which is caused by very strong scattering. They form extra
dimensions with an abnormal shape. The edges were bent concave downwards towards
the foil. We assume that the bending was caused by the pulling force in the high-viscosity
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suspension during the building platform movements. Using coarser powder combined with
a low energy dose and 50.0 µm layer thickness did not result in a very strong stair-wise pat-
tern. However, under the same conditions, the high energy dose caused a strong stair-wise
pattern (Figure 8d,e). The energy dose, in this case, was lower than what was used for finer
alumina samples printed using a similar layer thickness and targeted cure depth.

How the light interacts and scatters in lateral directions creates the stair-wise pattern,
specifically, the shape of the edges. The light tends to attenuate as it travels far from the
edges of the projected image, creating the “V” shape at the edges (Figure 8f). In general,
the stair-wise pattern caused a loss in feature resolution. Therefore, reducing the scattering
degree resulted in a reduction in the stair-wise pattern, and printing with a thinner layer
helped mitigate this problem. Additional data about the effect of scattering on the interlayer
between the base and first few layers can be found in the Supplementary Materials.

3.4. Dimensional Changes after Printing

The data in Section 3.2 demonstrated that it is possible to select an energy dose
that produces a targeted cure depth for printing while monitoring the growth in lateral
dimensions. For example, if we targeted the layer thickness of 20.0 µm and a cure depth
of ~150 µm, the energy dose for finer alumina would be 2.5× higher than that for coarser
alumina to reach the same level of cure depth. This higher energy dose is expected to cause
~5% growth in the lateral dimension for finer alumina suspensions as compared to <0%
growth for coarse alumina suspensions as measured in the single layer (Figures 4a and 5b).
Therefore, if we need to maintain a high targeted cure depth and reduce the energy dose,
we need to control the layer thickness and composition in 3D printed objects.

Figure 10 shows the effect of energy dose and layer thickness on the lateral and vertical
dimensions of samples. Three different samples were prepared using two powders and
two resins at a fixed solid content of 75.0 %wt. Figure 10a shows the impact of energy
dose on samples printed using a layer thickness of 50.0 µm. The targeted cure depth was
3× the layer thickness for the low energy dose prints and 7× the layer thickness for the
high energy dose prints. However, the actual value for energy dose depended on the
composition. That is, samples with finer particles, AA07 powder, required a higher energy
dose to reach a similar targeted cure depth as observed in samples with coarser particles,
AA3 powder (Figure 4). The high energy dose resulted in larger lateral dimensions when
it was projected on fine alumina since this interaction between high energy dose and fine
particles resulted in strong scattering polymerizing a larger area. These data agree with the
previous observations on the cure width–energy dose relation of a single layer (Figure 5).
This growth in dimensions was smaller to nonexistent when using coarser particles because
of the low degree of scattering at the energy dose (Supplementary Table S2). Overall, the
lateral dimensions of coarse alumina and fine alumina printed using a low energy dose
were close to the net shape and size: < ±3% changes in the lateral direction. In the literature,
it was mentioned that this type of unwanted growth could also be a mismatch between the
CAD borders and pixel borders [4]. However, we believe its impact was minimal compared
to the impact of energy dose in our study. Additionally, when the z direction was examined,
the energy dose showed ineffective impact on the dimension. There was a very small
decrease in the degree of shrinkage with a high energy dose, which was not significant for
most samples (Figure 10a).

Figure 10b shows the effect of layer thickness on lateral and vertical dimensions using
the three samples described above. In this case, the printing conditions included a low
energy dose and 20.0 µm and 50.0 µm layer thicknesses. The 20.0 µm layer thickness
resulted in a targeted cure depth of 7× layer thickness, whereas a 50.0 µm layer thickness
resulted in a 3× layer thickness. The changes in dimensions were not significantly large as a
function of layer thickness in all samples. Overall, regardless of the layer thickness, the data
of lateral dimensions showed that fine alumina had a small increase in lateral dimensions.
However, coarse alumina had a reduction in lateral dimensions, which was caused by the



Ceramics 2023, 6 2046

energy dose and scattering degree-related behaviors. The changes in dimensions in the z
direction did not follow a specific trend as a function of layer thickness (Figure 10b).

Figure 10. The dimensional changes of as printed samples as a function of (a) energy dose and
(b) layer thickness. Three samples with a solid content of 75.0 %wt., one sample consisted of Resin1
with fine powder, and two others consisted of Resin2 with fine and coarse powders.

Figure 11 shows the effect of solid content on lateral and vertical dimensions. The
samples consisted of AA07 powder and Resin1. They were printed using 20.0 µm layer
thickness and a low energy dose, producing a targeted cure depth equal to 7× the layer
thickness. The data showed that the lateral dimensions increased slightly with solid content.
However, the degree of shrinkage in the z direction reduced slightly with solid content. In
the literature, conflicting observations regarding lateral dimensions were reported. Chartier
et al. (2012) [35] showed that the lateral dimensions of silica suspensions depended on the
solid content. However, Gentry and Halloran (2015) [14] showed that both critical energy
and attenuation factors of excess lateral dimensions were independent of the solid content
of alumina. In other words, the excess lateral dimensions were independent of the solid
content. Our study showed some dependency of lateral dimensions on solid content.

It is worth noting that the excess lateral dimensions after printing for all conditions
described above were also related to the stair-wise pattern along the edges (Figures 8 and 9).
Specifically, forming these patterns on the edges contributed to the excess dimensions and
inaccuracy.

In all samples, the dimensional changes were anisotropic, meaning that the vertical
dimension changed at a higher rate than lateral dimensions. This was clearer when
no large growth occurred in lateral dimensions. An examination of the layers across
the prints revealed nonuniformity in their thickness (Figure 12). The first few layers
near the base showed a smaller thickness compared to the rest of the layers. These data
showed a significant thickness reduction of about 80.0% in the first few layers. Then, the
data indicated an approximately 0% change. These observations might explain the large
reduction in the dimensions of the building direction, which was about 6.0–8.0% overall
in the printed samples. A discussion with the manufacturer revealed that the thickness of
glass plate caused this issue. Here, thin glass bends under pressure of the building platform
resulting in a miscalculation of layer thickness in the first few layers. Increasing the glass
thickness could solve this issue. Therefore, additional measurements were conducted using
a thicker glass on the 75.0 %wt. FA-R2 sample printed using 20.0 µm layer thickness and
targeted cure depth equal to 7× the layer thickness. The results showed that the amount z
shrinkage was reduced by about half as the number of miscalculated thickness was reduced
by half using thicker glass plate, as shown Table S3 Supplementary Materials. Additional
data are shown in the Supplementary Materials.
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Figure 11. The dimensional changes of as printed samples as a function of solid content. The samples
composed of AA07 and Resin1. They were printed using 20.0 µm layer thickness and a low energy dose.

Figure 12. The changes in layer thickness across the prints and their microstructure images. Images
were taken at three locations which were near the base, middle layers, and last layers. The layers
near the base were printed first. The samples and print conditions varied. (a) Sample (Resin1 and
75.0 %wt. AA07 powder) was printed using 20.0 µm layer thickness and low energy dose conditions.
(b) Sample (Resin2 and 75.0 %wt. AA07 powder) was printed using 20.0 µm layer thickness and low
energy dose conditions. (c) Sample (Resin2 and 75.0 %wt. AA07 powder) was printed using 50.0 µm
layer thickness and low energy dose conditions.
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3.5. Dimensional Changes after Sintering

The dimensional change after sintering was measured only on samples composed
of AA07 powder and printed using 20.0 µm layer thickness. The details of debinding are
described in the Supplementary Materials.

Figure 13 shows optical and scanning electron microscope images of the sintered
samples. The images showed an opening at the surface, which originated from poor
interlayer adhesion at an early stage of the process. However, these small openings did
not impact the dimensional measurements. The difference between the dimensions on
the crack side and the noncrack side was within ~1.2%, which was negligible compared
to the large changes in dimensions in sintered samples. The uneven surfaces seen in the
microstructure were due to the anisotropic shrinkage upon sintering.

Figure 13. Sintered samples composed of Resin1 and (a) 75.0 %wt. and (b) 82.0 %wt. AA07 powder.
(c) Sintered sample composed of Resin2 and 75.0 %wt. AA07 powder. They were printed using
20.0 µm layer thickness and low energy dose conditions.

Figure 14 shows dimensional changes with respect to the as-printed dimensions of the
samples. The results showed that the sintering shrinkage in lateral directions and building
direction were reduced significantly with solid content. The lower shrinkage is caused by
the reduction of interparticle spacing with increasing solid content. The separation between
particles in any given volume is shorter as the concentration of particles increases. Hence,
the structure is more compact. It should be noted that the vertical shrinkage was similar to
lateral shrinkage at 82.0 %wt. of solid.

When the dimensional changes of samples were calculated with respect to CAD
dimensions, we can still see the anisotropy. At 82.0 %wt. solid, the final degree of shrinkage
was x = −13.9 ± 0.5%, y = −14.2 ± 0.9%, and z = −21.7 ± 0.49% for Resin1 sample.
When the solid content of the same sample was reduced to 75.0 %wt., the values were
x = −18.8 ± 0.04%, y = −18.7 ± 0.06%, and z = −27.8 ± 0.11%. The shrinkage calculation
with respect to CAD dimensions took into account the lateral growth and vertical shrinkage
that happened at the early stage of the process. It is clear that the accuracy post printing
impacted the final part, which needed to be controlled by balancing the compositional and
printing variables to control the degree of scattering and cure depth as seen above.
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Figure 14. The dimensional changes of sintered samples as a function of solid content using two
resins.

4. Conclusions

In this study, the role of compositional and printing variables on feature resolution
and dimensional control was studied. The compositional variables were particle size and
solid content using two different resins. The printing parameters were layer thickness and
energy dose. The targeted cure depth to layer thickness ratios were consistent at 3× and
7×. The suspensions behaved as Newtonian-like suspensions and had a high degree of
dispersion.

The feature resolution was shown to be affected by the degree of scattering. The
scattering degree increased with energy dose. The interlayer adhesion improved with a
high targeted cure depth, which required a high energy dose. However, it impacted the
feature resolution negatively. In fine particle systems, the feature resolution was high when
printed using a low energy dose and thinner layers while maintaining a high targeted cure
depth to layer thickness ratio. However, in coarse particle systems, the required energy
dose was lower to maintain a similar targeted cure depth to layer thickness ratio. This
allowed for the reduction of scattering degree in lateral directions; thus, it produced high
feature resolution parts.

The surface flaws depended on composition and printing conditions. These surface
flaws were mainly delamination at or closer to the surface. The strong scattering degree
resulted in a stair-wise pattern, which was more noticeable when thicker layers were used.
Thinner layers and reducing the energy dose mitigated the stair-wise pattern.

The dimensional changes were shown to depend on printing and compositional
variables. The lateral dimensions depended on the degree of scattering in a similar manner
to the feature resolution. The strong scattering degree resulted in significant growth in
lateral dimensions, which was associated with fine particle suspensions when exposed to a
high energy dose. The coarse particles reduced the required energy dose for printing. Hence,
it reduced the scattering degree, which resulted in more controlled lateral dimensions. This
growth, however, was not substantial when the thinner layer was used, and there was not
a large growth with solid content. The vertical dimension showed significant shrinkage
compared to lateral dimensions in post printing. The microstructure of layers showed a
nonuniformity in their thickness. The first few layers near the base were thinner than the
rest of the layers across the samples depending on the thickness of the printer glass plate,
explaining the anisotropic dimensional changes. The shrinkage in all directions during
sintering was reduced and became more uniform with solid content.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ceramics6040125/s1, Figure S1: The powders, AA3 and AA07, were
used with this study’s suspensions. (a) Particle morphology, which is visualized by the use of a
field emission scanning electron microscope (FESEM) (Zeiss, Oberkochen, German), and (b) particle
size distribution, which is measured using a dynamic light scattering method using Mastersizer
3000 (Malvern Panalytical Ltd., Malvern, UK); Table S1: Acrylate based resins. The materials were a
mixture of an oligomer as a backbone of the resins, and a monomer. The monomer is used to lower
the viscosity of the oligomer. The cure depth was measured using an energy dose of 91.4 mJ/cm2.
The test reflects five trials with a standard deviation error. The viscosity was measured at a shear
rate of 1.0 s−1 and 25.0 ◦C. The refractive index was measured using Abbe Refractometer C10 (Vee
Gee Scientific, LLC., Vernon Hills, IL, USA) at 589 nm; Figure S2: Viscosity of suspensions over time.
The viscosity was measured at a shear rate of 1.0 s−1 at 25.0 ◦C using a parallel plate with a diameter
of 25.0 mm, and the gap between them was 1.0 mm. The test reflects three trials with a standard
deviation error; Table S2: Energy doses and targeted cure depth that used for printing. The energy
dose for printing was referred to as high energy dose when it is > 20.0 mJ/cm2 and low energy dose
when < 20.0 mJ/cm2; Figure S3: Thermal gravimetric analysis and thermal degradation and sintering
profiles of Resin1 and Resin2. Prior debinding, the samples were submerged in warm deionized
water for 24 hours, followed by drying for a minimum of 12 hours in air or a shorter duration using
vacuum oven. However, this practice showed no impact on the samples; Figure S4: Scanning electron
microscope images of as-printed samples. It is a low magnification to show the length of the cracks at
the surface in few samples. Samples (Resin1 and AA07 powder) with solid content of (a) 75.0 %wt.
and (b) 82.0 %wt., they were printed using 20.0 µm layer thickness and low energy dose. Samples
(Resin2 and 75.0 %wt. AA07 powder) were printed using (c) 20.0 µm layer thickness and low energy
dose, (d) 50.0 µm layer thickness and low energy dose, and (e) 50.0 µm layer thickness and high
energy dose; Figure S5: Optical and scanning electron microscope images of the first few layers and
the first interlayer between the base and first layer of samples composed of Resin2 and 75.0 %wt.
solid. They were printed using 50.0 µm layer thickness with different energy doses. (a) A single
layer with a base only and (b–d) full prints. (a) and (b) as-printed samples (AA07 powder) that
were printed using high energy dose. (c) as-printed sample (AA07 powder) that was printed using
low energy dose. (d) as-debound sample (AA3 powder) that was printed using high energy dose;
Figure S6: Scanning electron microscope images of as-debound samples. Samples (Resin1 and AA07
powder) with solid content of (a) 75.0 %wt. and (b) 82.0 %wt., they were printed using 20.0 µm
layer thickness and low energy dose. Samples (Resin2 and 75.0 %wt. AA07 powder) were printed
using (c) 20.0 µm layer thickness and low energy dose, (d) 50.0 µm layer thickness and low energy
dose, and (e) 50.0 µm layer thickness and high energy dose; Figure S7: Scanning electron microscope
images of as-printed samples using printer with thin glass plate vs thick glass plate. The 75.0 %wt.
FA-R2 samples printed using 20 µm layer thickness; Table S3: dimensional changes of samples using
thin glass plate vs thick glass plate printers. The 75.0 %wt. FA-R2 samples printed using 20 µm layer
thickness; Figure S8: The changes in layer thickness across the prints of samples using thin glass plate
vs thick glass plate printers. The 75.0 %wt. FA-R2 samples printed using 20 µm layer thickness.
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