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Abstract

Ceramic Extrusion Additive Manufacturing (CEAM) enables the die-less fabrication of small
ceramic parts, with a process chain that includes four consecutive stages: the 3D printing,
solvent de-binding, thermal de-binding, and sintering. The 3D printing process was
implemented through Ephestus, a specially developed EAM machine for the manufacturing
of parts from alumina feedstock. A test part was designed, and X-ray computed tomography
(u-CT) was used to quantify its characteristics through the processing stages of the EAM.
The porosity distribution and the distribution of void size and shape were determined
throughout the samples at each stage, using image analysis techniques. Furthermore, the

evolution of some macroscopic quality properties was measured.

The results show that both microscopic (porosity) and macroscopic (geometry, density)
properties of the samples improve through the process stages. A vertical gradient of porosity
is present in green and de-bound samples, with porosity decreasing with increasing sample
height. After sintering, the vertical gradient of porosity disappears. The sphericity and the
diameter of voids are negatively correlated and dispersed over a wide range in the green
state. The sintering process has a homogenization effect on the void shape distribution. The
geometrical deviation from the nominal designed dimensions and the surface quality of parts

improves when moving from the green to the sintered state.

Keywords: material extrusion; feedstock; alumina, porosity mapping, X-ray computed

tomography.

1. Introduction

Stereolithography (SLA) [1] or digital light processing (DLP) [2], powder bed fusion [3] and
binder jetting [4] are recognized as the most common Additive Manufacturing (AM) methods
for ceramics. The technology of Ceramic Extrusion Additive Manufacturing (CEAM) is

growing because it is considered to be an affordable and rapid alternative to the other AM
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methods [5]. One of the key advantages of the material extrusion AM technology is its
versatility, because it is suited to a wide range of materials, including metals and ceramics
[6], and because the process can easily incorporate material removal stages [7].

The CEAM process adapts the typical Ceramic Injection Moulding (CIM) process by
replacing the conventional injection moulding stage with a 3D printing stage by extrusion.
Both the CIM and the CEAM feedstock are made of a ceramic ultrafine powder,
homogeneously mixed with a limited amount (usually less than 50% by volume) of binder
compound [8]. The feedstock is extruded in a controlled manner and deposited according to a
designed path, to obtain a 3D printed part [9], which is called “green”. The post-processing
stages in CEAM are similar to the traditional ceramic manufacturing processes by Powder
Metallurgy (PM), where a soluble binder is pre-mixed to the material feedstock [10]. Hence,
CEAM can considerably benefit from the existing know-how of an established ceramics
community. During post-processing, binders are removed in two stages: first a solvent (or
catalytic) binder removal operation is performed to remove approximately half of the binder
mass; then, a thermal binder removal treatment is performed inside a furnace [11]. A porous
“brown” structure of powder is formed thereafter [12]. The brown part is finally sintered to
achieve the desired geometry, density and mechanical strength. In some case, the CEAM
process can be implemented with a low viscous slurry compound, that does not require the
intermediate binder removal steps before sintering [13].

Although the CEAM processes can produce relatively complex geometries, this advantage is
significantly compromised by a lack of microstructural quality control within the ceramic
parts. In fact, various issues concerning porosity, purity, micro-defects and interfacial defects
commonly affect EAM ceramic structures [14,15]. Furthermore, due to the staircase effect,
which is inherent to all AM processes, dimensional accuracy, and surface quality are poor,
and notch sensitivity of the printed ceramic parts is critical [16].

Porosity in EAM parts is partly due to the volume filling capability of the green 3D printing
process. The effect of porosity in the green parts is due to the 3D printing parameters, and it
is described by some (limited) available literature on the conventional EAM of polymers. As
an example, in [17], the authors study the influence of print parameters on the porosity of on
a polyetherimide polymer. Some previous study is also available for CEAM, but they focus
on the evolution of extruded porous ceramic structures, where the porosity is large, intended
and controlled [18,19]. However, in structural applications, porosity is a defect and must be

avoided.
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Porosity is also sensitive to the subsequent post-processing (de-binding and sintering) stages.
It has been investigated by some authors for conventional CIM processes, but no study has
been performed on its gradient inside a single part. In [20], the authors show that, after
thermal de-binding, the average final void size is proportional to the de-binding temperature.
Sintering is a bulk volumetric diffusion phenomenon and induces shrinkage, approximately
isotropic but influenced considerably by sintering time and temperature [21]. On the
contrary, after sintering it has been demonstrated that porosity increases if reducing the
sintering temperature of bi-material ceramic parts [22]. An interesting and relevant study is
given in [23], where the authors observe the porosity of porous ceramic samples during and
after sintering. They show how larger voids (around 40 pm in size) gets smaller during the

cycle.

There is nearly no published scientific literature on the evolution of porosity through the
CEAM process. As one of the very few examples, Iyer et al. [24] present the green and
sintered properties of Si3N4, such as part shrinkage and warping, microstructural
characteristics, by using optical microscopy, scanning electron microscopy, and X-ray
diffraction.

The purpose of the present paper is to fill this void in the scientific literature, by presenting a
quantitative porosity analysis of the distribution, shape, and size of voids through the whole
process chain, from 3D printing to solvent de-binding, and finally sintering. The overall
process parameters have been described during 3D printing, de-binding and sintering and all
have been kept constant throughout the study. The present study therefore only clarifies how
the distribution and the morphology of voids evolve inside a given geometry.

In Section 1.1, a brief overview is given on the porosity evaluation techniques by image
processing. In Section 2, the experimental conditions and methods are described. In section
3.1, overall density measurements are presented and discussed. Sections 3.2 to 3.5 focus on
the porosity characterization. Sections 3.6 and 3.7 deal with dimensional and surface quality

of samples.

1.1 Porosity assessment techniques by image analysis

The major techniques used to measure porosity are the helium pycnometer and the analysis
of microscopic images [25]. Image analysis is best suited to the present study because it can
provide a geometrical distribution of the defects. There are multiple methods to obtain the

necessary images for porosity analysis. In the present study, X-ray micro-computed
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tomography (1-CT) is used because of its capability of non-destructively inspecting internal
structures. Multiple p-CT images have been frequently used for the analysis of porous
products, such as metal foams or AM parts produced by SLM [26] or SLS [27]. Though the
pu-CT image analysis method usually involves time-consuming scans and complex analysis
procedures [28], it provides highly informative results. However, it must be recognized that
the technique inherently has a notable dependence on the voxel size, which is a non-trivial
factor affecting the quantitative porosity characterization analysis [29]. Thus, it must be
acknowledged that the measurements and results are approximations which are not
necessarily indicative of “absolute” values but indicate trends within a given application.
Furthermore, a key requirement for porosity measurement based on image analysis is to find
a proper threshold for transforming original into binary images to distinguish voids from
solid material, be it the polymeric binder or the powder particles. There are several methods
implemented for thresholding, i.e. converting greyscale images to monochrome. Otsu’s
method is one of the most common techniques for thresholding [30]. Otsu's method iterates
among possible threshold values until it finds the threshold where the sum of foreground and
background spreads is minimum. The method had already been successfully used by the
authors for the measurement of voids inside samples of porous metals [31]; it has been used

already for analysis of u-CT images of 3D printed parts [32].

2. Materials and methods

A test artefact is used, made of two cylindrical regions, one on top of the other, aligned with
their vertical axis, respectively with diameters 8 and 4 mm for the lower and the upper
cylinders. A total of 16 samples were produced, and four samples for each stage were taken
for porosity analysis. 4 samples for each processing stage have been produced by CEAM
with identical printing and processing conditions, in order to take process variability into
account. The porosity and the geometrical characteristics of samples were assessed mainly by
means of X-ray microtomographic measurements. The thermally de-bound parts were too
fragile and too difficult to handle in tomographic measurement operations. Hence, the
porosity of parts at the thermally de-bound stage was not analysed. As follows, the material
properties, the processing conditions, and the measurement variables and setups are

described.
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2.1 Feedstock Material

A commercial feedstock provided by Inmatec was used as the raw material, based on a
polyolefin binder system, loaded with alumina powder at 60 vol. %, with a median particle
size (Dsg) of 2 um. The theoretical full density of the solid fraction of the feedstock is 3.92
g/cm?. The typical nominal linear shrinkage after sintering of the injection moulded parts is

15.5 % (mould factor 1.18). The chemical composition of the powder is given in Table 1.

Table 1: Chemical composition of the alumina powder used in the present study

Phases Na,O MgO CaO Fe, 05 Si0, Al,O4

Wt. % 0.1% 0.9% 1.3% 0.03% 1.8% 96%

2.2 CEAM equipment

An Extrusion based Additive Manufacturing (EAM) system (Ephestus), developed at
Politecnico di Milano, was used for 3D printing the alumina parts. The system, previously
described in [33], includes a piston-based vertical extrusion unit with no degrees of freedom
(DOFs), a robotic deposition table with 3 DOFs and a control panel. On top of the deposition
table, a heated plate (200x200 mm) is mounted, that can be set from 40 °C to 90 °C. The
extrusion unit can provide up to 25 MPa of pressure in the barrel, allowing to extrude highly
viscous feedstock mixtures. The extruder can be equipped with exit nozzles with a diameter
of d,;=0.4 mm or higher. The deposition table is actuated by a parallel kinematics robotic
design (an inverse linear delta), which avoids inertial vibrations of the unit that might occur
during the rapid change of direction during deposition. The machine can easily synchronize
and change the filament extrusion velocity at the nozzle, the horizontal table velocity, and the

vertical layer height.

The deposition trajectories can be planned with any commercial slicer or, to test non-
conventional strategies, with a specially developed Matlab® code. The trajectories are
exported to a g-code in cartesian coordinates. The g-code is then translated by the machine

controller into a motion plan for each of the 3 axes of the delta table.

2.3 Experimental conditions

In the present work, 16 samples were 3D printed with identical printing parameters, to study
the porosity at different states. Four samples were analysed after 3D printing (green state),
four samples after solvent binder removal, four samples after thermal binder removal (brown

state) and four samples after sintering. Brown parts were highly fragile and used only for
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qualitative analysis and density measurements. The other 12 samples were used for porosity
determination. The samples were cylindrical pins with a double diameter, as shown in Figure
1 (a). The bottom cylinder has a nominal printed diameter of 8 mm (at the green stage), and a
height of 5 mm; the top cylinder has a nominal printed diameter of 4 mm and a height of 5
mm. In figure 1 (b) the extruded roads are shown, and it must be observed that samples are
very small, and the number of roads is limited. The main reason to keep the parts small is to
allow enough resolution in the microtomographic imaging. Although the total number of
layers and roads is limited, the number of voids along each direction inside the samples is
large, as the microscopic images reveal, enough to have a representative indication of voids

and porosities.

This test shape was designed to study the effect of geometrical discontinuities within a part.
In fact, the top and bottom cylinders have different geometrical moduli (volume-to-surface
ratio), which might induce a different behaviour while removing the binder and sintering.
Besides, the transition between the bottom and top pins might induce a geometrical

discontinuity on the porosity distribution.

Starting from the CAD file in STL file format, a G-code was prepared using the Slic3r
software. Typically, 3D printed parts have one or two outer contour roads, aimed at
improving the surface quality and dimensions, which surround an internal infill. The
theoretical infill density was 100%, the extrusion nozzle temperature was 145 °C, the heated
plate was set at 80 °C, the table deposition speed was 10 mm/s, the layer height was 0.2 mm.
The infill printing strategy was with parallel roads, as shown in Figure 1 (b). In conventional
EAM of polymers, the porosity in the infill 3D printed parts is due to the empty space left
between adjacent parallel roads on the same layer and between two consecutive layers.
Additional porosity is generated at the interface between the infill and the contour. In this
study, the u-CT images have been centred at the core of the samples, in order to capture the
porosity generated by the infill only. Therefore, to better to isolate the behaviour of the

internal infill roads, no outer contour road was added.
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Figure 1: (a) CAD model of the double cylinder-shaped sample; (b) 3D printing roads generated by
the slicer, (c) representative samples displaying colour and volume change through EAM process; (d)

reconstruction of samples after CT scan using efX-CT software.

After 3D printing, the green alumina parts are processed through the two binder removal
stages: solvent and thermal. A fraction of the sacrificial binder was first removed under
laboratory conditions, using water as a solvent agent in an agitated water bath at 45 °C over a
period of 24 hours, followed by subsequent drying at ambient conditions. Thermal de-
binding was carried out in air at a temperature of 300 °C in a furnace. Complete pyrolysis of
the remaining backbone binder was attained after two hours of thermal de-binding.
Subsequently, sintering was carried out (at 1600 °C for a dwell time of 1 hour) in a high-
temperature furnace. The implemented sintering and debinding cycle times could of course
be changed. However, shorter cycle times have been tested and they lead to defective parts

(cracks, excessive distrortion, uncomplete debinding). Conversely, longer cycle times would
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probably improve the quality of the samples, but the would obviously generate higher

manufacturing costs.

2.4 Geometry, density, and closed porosity measurements

The overall density of the 16 parts was determined by gravimetric measurements, i.e. the
Archimedes’ method. The measurement system consists of a precision weight scale with 0.1
mg resolution, a suspension device and a container, filled with ethanol. The measurement
was repeated three times and average values of density were reported for each part. When the
samples are in their final, sintered, state their bounding volume is occupied only by ceramic
material or voids (i.e. there is no binder); in this case, the overall density can be used to
estimate the overall volumetric porosity Py, of the samples. On the contrary, when the
binder is still present in the previous green and brown states, the overall density cannot be
easily converted into a measure of porosity, which requires the analysis of microtomographic

images.

After each experimental set reached its designated final processing stage (Figure 1 (c)), the
four replicated parts belonging to the set were 3D scanned simultaneously using a micro-
computed tomography machine (X25 by North Star Imaging). For each scan, 2000 2-D
projections were acquired through one revolution of the rotary table. The scan volume was
then reconstructed through filtered back-projection by the efX-CT software (which is the
proprietary software of North Star Imaging) to create the high-resolution digital volume
representations of parts as shown in Figure 1 (d). The resultant voxel size of the scans is
equal to about 11.8 um. Given the implemented image processing method, this voxel size
allows the detect a void as large as a 4x4x4 set of voxels. Anything smaller would be
classified as noise. After thresholding, the algorithm can detect only closed voids with an
equivalent diameter larger than 47.2 pm. In order to make quantitative use of the CT scan
data, it was necessary to extract slices along the Z-direction from efX-CT. The images were
converted into an 8-bit format and then imported as a sequence into the ImageJ software,
equipped with the Bonel plug-in, frequently used for morphological assessment of porous
materials [34]. Due to the proximity of the density of the adhesive putty used to hold the
parts in place during the CT scans (see the bottom of parts in Figure 1 (d)), analyses of
porosity begun from a layer height Z, safely above any putty.

Once the images were prepared, a cylindrical region of interests (ROI) was set for each of the

top and bottom cylindrical portions of the parts. The diameter of the ROI was slightly smaller
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than the minimum actual diameter of the part so that the ROI was completely internal to the

part.

Two quantification techniques were used for porosity: a 2D porosity indicator Pg, and a 3D
porosity indicator Pyo,. In both cases, the location of all voids was established in Cartesian
coordinates X-Y-Z system and transformed into a cylindrical coordinates system r-Z. For the
2D indicator Pgs,, the image processing algorithm has been designed to detect and measure
only closed voids, i.e. voids which are surrounded by solid material. This is because the
study aims at characterizing the porosity generated inside the infill 3D printed roads. A

distinction must be operated between porosity in the green, de-bound or sintered state.

In the green state, the porosity close to the irregular outer surface of the parts is mostly of
open type, i.e. made by empty interconnected volumes, connected to the atmosphere (see Fig.
2 b). In the infill region of green samples, the porosity is mostly made of closed voids; these
closed diamond-shaped voids [35] are typical of 3D printing and they are due to the

deposition strategy.

During solvent de-binding, there is a mass transport phenomenon, the binder migrates
outward, leaving an additional amount of both closed and open voids, also at the centre of the
sample (see Fig. 2 c). The porosity is therefore expected to be larger. However, the samples
are too fragile after solvent de-binding and have not been fully characterized, only a few

images are available.

Finally, during thermal de-binding and sintering, shrinkage takes place, and therefore the
open porosity will remain, as in the green state, only at the outer edge (see Fig. 2 d). In
conclusion, at the sintered state the porosity is only closed in the infill and mostly open at the

boundaries.
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Figure 2: Method of image processing and slices showing the processing elements: Close porosity,

open porosity (white) and part material (black) captured at ~2.5 mm from the bottom of the part

In the 2D assessment, the Otsu’s method was applied to each slice image to estimate a
binarization threshold. As an example, Figure 2 (a) has been converted into Figure 2 (b).
Each individual slice along the Z-axis was evaluated by counting the pixels after
thresholding. The 2D data have been used to determine the distribution of porosity along r
and Z direction. The surface (2D) porosity of a given surface region of interest S was
computed as the ratio Pgy=S,.ia/S, where S,qq is the number of white (i.e. air) pixels
multiplied by the proper dimensional conversion factor, i.e. the pixel surface area. The
denominator S is determined as surrounded by the outer contour of the part, built by
excluding the open porosity. A representative slice of green, solvent de-bound and sintered
part obtained at about 2.5 mm from the bottom are shown in Figure 2 (b), (c) and (d)

respectively.
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In the 3D assessment, the voids are reconstructed from the slices to form 3D entities,
discretized in voxels. The 3D voxels are then computationally analysed to determine their
interconnectivity in the neighbouring layers to establish the actual shape of 3D closed voids.
This digital representation allows to compute the volumetric porosity of a given ROI volume
V as Pyy= Vyd/V, where V4 is the number of empty voxels, multiplied by the proper
dimensional conversion factor. It must be observed that Pj.,, and Pg,, measure different
dimensions, for two reasons: 1) Pg, is a ratio of surfaces, while Py, is a ratio of volumes; 2)
voids that appear closed in a 2D image might be open in the 3D reconstruction. They have
been used for different purposes: Pso; is used to observe the radial and vertical distribution of
voids; Pyo; is used to determine the size and the morphology of voids.

The 3D reconstruction of closed voids also gives an approximation of the volume and surface
area of each pore. The void morphology can be assessed through the geometrical parameters
of sphericity and equivalent diameter. The centroid of all voids for each piece was
determined. Sphericity is dimensionless, and its possible values lie between 0 and 1, where 1
denotes a perfect sphere. Sphericity ¥ and equivalent diameter d,, of voids is determined

using relations (1) and (2) respectively:

1 2
3 X (6 x V)3
A T (1)
1
3%V, 3
S v (2)

where: V,, = volume of the pore, A, = surface area of the pore. d,, is the diameter of a sphere
of equivalent volume.

The high-resolution digital volume representations of parts have been used to determine their
outer dimensions, i.e. for macroscopic geometrical metrology. The digital 3D scanned parts
have been aligned with the original STL files, so that shape deviations from the designed

geometry could be assessed, using the software package Cloud Compare.

The surface characteristics of the parts were captured as microscopic images using a Hitachi

TM3000 Tabletop Scanning Electron Microscope.

3. Results and discussion
After following the procedure explained in Section 2.3, the porosity data were used for

several analyses to quantify and map the porosity of parts through the CEAM process.
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3.1 Overall density and 2D porosity measurements

The density of a sintered part is a very important parameter because it has a direct correlation
to its mechanical properties. The evolution of the overall average density of alumina samples
through the four CEAM process stages is shown in Figure 3 (a), as per gravimetric
measurements. The figure also shows the corresponding % reduction of mass, i.e. the
percentage mass loss by the part through the processing stages. Since 4 samples have been
measured, Figure 3 (a) also reports error bars, calculated as the sample standard deviation.
Figure 3 (a) shows that most of the mass is lost during the two de-binding stages, while most

of the densification takes place during sintering, due to shrinkage.

The average density reached by the material after sintering is 3.69+0.04 g/cm?. This value is
about 94% of the theoretical full density of the used ceramic material (papo,= 3.96 g/cm?).
For comparison, the typical relative density of this feedstock after ceramic injection

moulding and sintering is 3.8 g/cm? (96% of the theoretical full density).
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Figure 3: On density and porosity of part during CEAM (a) Evolution of density and mass loss (%)
through the four process stages by gravimetric measurement, (b) evolution of closed 2D porosity Py,

by image analysis.

Through the CEAM process cycle, the closed porosity has been evaluated through the 2D
method of image analysis described in Section 2.4. The values of overall closed porosity Py,
are reported in Fig. 3 (b). They have been calculated by first averaging the porosity across all
slices and then by averaging the four samples tested at each stage and calculating the
corresponding standard deviation. The figure shows how Py, more than doubles when

moving from the green state to the solvent de-bound state. This is mostly due to the binder
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mass lost, as shown in Fig. 3 (a). The level of porosity after sintering is observed to be less

than 1% based on the 2D analysis.

THEORETICAL INTERPRETATION OF RESULTS. The mass of samples is reduced mostly as a
result of binder removal. The samples have a binder constituent (PEG) which is dissolved in
water and a thermoplastic backbone which is removed by heating [36]. The weight change of
the samples continues, moderately, also in the sintering stage because the residual binder left
after de-binding is pyrolyzed during sintering. Despite the mass reduction, the samples
densify through the process, due to a pronounced reduction of volume (shrinkage), which
occurs through all stages. Shrinkage during de-binding occurs because the binder migrates
outwards, and this allows the powder particles to come closer to each other. Shrinkage in
thermal de-binding would be reduced with a faster heating rate [37], but this would also
generate dangerous thermals stresses. Shrinkage during sintering is mostly due to solid-state

diffusion of powder particles [38].

The behaviour of porosity evolution is in agreement with the known literature on the ceramic
injection moulding [39]. The porosity of green samples is entirely due to the 3D printing
strategy and its voids. After solvent de-binding, the voids are mostly of open type [40], i.e.
continuous to the outer surface due to the mechanism of binder removal. Interconnected
voids facilitate mass transport of the binders by serving as a rapid conduit for outward
diffusion [20]. Because of the practical limitations of porosity evaluations after thermal de-
binding, the porosity values are not available. Finally, in the sintered state the porosity is

reduced to a very low value, because of the shrinkage phenomenon.

3.2 Vertical distribution of closed porosity in the part

The closed 2D porosity Py, of each slice was evaluated to determine the porosity distribution
with respect to the build-up direction (Z-axis) of the 3D printing. As seen in Figure 4, in the
green state there is a correlation between porosity and part height (Z, um), but only in the
bottom cylinder. In the top, the values have a larger dispersion but no statistically significant

trend or gradient.

The observed vertical gradient of porosity remains practically unaltered after solvent de-
binding (the right part of Fig. 4), although obviously porosity increases on average because
of the binder mass lost. Finally, any gradient becomes negligible after the sintering process

(Figure 5).
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Figure 4: Evolution of closed porosity with respect to Z-axis within the two cylindrical regions of the

parts in the green and solvent de-bound states.
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Figure 5: Evolution of closed porosity with respect to Z-axis within the two cylindrical regions of the

parts at the sintered state.

EXPLANATION OF RESULTS. In the green state, each 3D printed road has a nominal layer
height of 0.2 mm and is extruded out of a 0.4 mm nozzle diameter. Therefore, the deposited
road will spread its width and will be much larger than 0.2 mm. In the bottom cylinder, the
roads are deposited onto a stiffer base, with a smaller total deposited thickness. On the
contrary, as the part height increases, each new layer is deposited over a softer and thicker
substrate made of green ceramics. Consequently, the bottom roads are larger, and the top
roads are smaller. In support of this explanation, it can be noted that all the 16 samples tend
to have a decreasing cross-sectional area with increasing Z. In other words, the two
nominally cylindrical regions are indeed slightly conical, with a larger base. This explains

why the 2D porosity, which is measured in the X-Y plane, is larger for bottom layers.

In the solvent and thermal de-binding stages, the binder removal process is through mass

transport and is dependent on the mass, on the surface area and on the geometrical modulus
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of the part (volume-to-surface ratio). A smaller part of modulus should facilitate de-binding
[20]. However, a comparison between the green and de-bound states shows that the gradients
are unaltered by the de-binding process. Porosity increases in de-binding because of the
binder removal, but the distribution of porosity induced in the green parts maintains its trend.
In other words, the vertical porosity distribution is mostly generated and due to the 3D
printing process and the geometrical modulus of the parts has no effect on the vertical

gradient.

Finally, any vertical porosity gradient disappears after sintering. In Section 3.2 it is
demonstrated that shrinkage reduces porosity and increases density. The forces that pull
together the powder particles during the sintering process can close (although not
completely) the voids induced by 3D printing and left by the removed binder. While the
number and size of voids decreases, the shrinkage phenomenon acts as a regularization

process and reduces the porosity gradient.

3.3. Radial distribution of closed porosity Py,

In order to obtain a radial distribution of porosity, each closed void in the 2D space has been
associated with a radial coordinate . Each slice has been segmented into 8§ annular regions
with increasing r-value. For each of the 8 annular regions, a local porosity value has been
calculated and averaged across all available slices of the bottom cylinder (where porosity is
larger).

The result is plotted in Figure 6, with increasing depth (R-r) from the part surface, where R is
the overall radius of the part. The grand average of closed porosity for each of the different

states is represented by the dashed line in the plots.

The shape of the three radial profiles (green, solvent de-bound, and sintered) are indeed very
peculiar and similar to each other. They all have a maximum of closed porosity at around
halfway between the centre and the boundary (when R-r = 2000 um). The closed porosity
decreases in the left part of all diagrams, because close to the outer boundary most of the
voids are interconnected, i.e. open, and are not included in the Py, indicator. More
noticeably, the porosity decreases as we move from a radial distance of 2000 um towards the
centre of the samples (at around 4000 um for green and solvent de-bound parts, whereas at

around 3250 um for the sintered part).
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Figure 6: Evolution of closed porosity Py, with respect to R-r in the bottom cylindrical region of the

parts; the centre of the samples is where R-r=4000 pm.

After solvent de-binding, as already observed for the vertical gradient, the radial gradient

does not change its shape.

After sintering, the porosity is significantly reduced, with an average value below 1%, but the
shape of the porosity profile is still very similar to the profile observed in the green state. In

the sintered samples, the closed porosity towards the centre is smaller than 0.5%.

EXPLANATION OF RESULTS. The closed-cell porosity is smaller at the heart of the samples, at
all states. In the green state, this is because the deposited material is more compacted,
compressed at the centre, hence the voids are smaller. In the de-bound and sintered states, the

radial gradient does not decrease because the binder migrates radially, and the binder located
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at the centre of the samples is more difficult (slower) to be removed. This is also why, in
binder removal processes, there is a maximum limit for wall thickness [41] of samples. It is
therefore reasonable that the closed porosity progressively increases moving radially towards
the outer surface. However, the trends in Fig 6 exhibit s maximum, i.e. the closed porosity
dramatically decreases and nearly vanishes when approaching the outer surface of the
samples. The reason is that the porosity becomes progressively more open, i.e. connected to

the air and it is therefore undetected by the P, indicator.

3.4. Void size and shape distribution in the part

To characterize the individual voids and their evolution through CEAM process, their 3D
morphology has been assessed by 3D image analysis at the different states. The sphericity ¥
and the equivalent spherical diameter d,, were determined from the obtained volume and
surface area of each closed void. The results are effectively reported in Figure 7, where all
measured voids of all samples are shown on the same plot at the green, solvent de-bound, and

sintered states. Their distribution within each stage is considerably scattered.

The three clouds of points are significantly different. In the green state, diameter and
sphericity of voids are strongly negatively correlated, i.e. larger voids are less spherical. A
negative exponential trendline is plotted in the diagram, along with a marker that represents

the average of all values. Void size and shape are significantly scattered over a large range.

After solvent de-binding, the void shapes and sizes are further scattered because the binder
volume is partially replaced by voids. For the same reason, the negative correlation between

de.y and ¥weakens.

While Figure 7 reports all voids detected in all samples at a given process state, Figure 8
provides a representation of the spatial distribution of void shape (sphericity ¥) in cylindrical
coordinates for each state. The contour plots have been created in MATLAB, performing
some interpolations. Some portions of the shape had to be trimmed away because of a very
large interpolation error. Therefore, the quarter cross-sectional profile in Figure 8 does not
appear like the cross-section of a double cylindrical piece. Despite the figures are odd and do
not fully map the morphology across the cross-section, they still very clearly show a strong
correlation of sphericity with respect to the vertical Z-axis. At the green state, the value of

sphericity is 0.4 near the bottom and nearly 0.6 at the top.
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Similar contour maps could be plotted for the equivalent diameter, but they are omitted
because they would not show any clear spatial correlation of void size with increasing height

Z nor radius r.
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Figure 7: Evolution of void sphericity ¥ vs. diameter d., during EAM process states: (a) green (b)
solvent de-bound and (c) sintered; the diamond symbol represents the average values; the dotted line

represents a negative exponential trendline.
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Figure 8: Contour plots of the distribution of void sphericity within an EAM part in the green and

sintered state as a function of sample height Z and radius r.

EXPLANATION OF RESULTS. The morphological analysis shows that, in all stages, there is a
negative exponential correlation between sphericity and equivalent diameter of voids. In

other words, smaller

voids are more spherical, while larger voids are less spherical. This behaviour has been
observed before for sintered materials [42], but the present study shows that it is even more
evident at the green state, i.e. before sintering. A possible explanation is that large voids,
which are produced by the uncomplete filling of the 3D printed roads, tend to have a
diamond-like non spherical surface. On the contrary, smaller voids, which are due to local

random inhomogeneities in the feedstock mixture, tend to be spherical.

Another interesting observation is that the voids are less spherical at the bottom cylinder.
This agrees with the previous remarks on the vertical porosity distribution, which is larger at
the bottom of the green samples. As already stated, vois at the bottom are larger and,

therefore, less spherical.

3.5. Geometrical variations during CEAM

The linear deviations in green and de-bound parts with respect to their nominal dimensions
were determined by overlapping the 3D volumetric representation of parts in each stage with
the corresponding CAD model (Table 2). The green and de-bound parts have been compared
to the CAD model used in 3D printing. The dimensional deviations in the green part are due

to several causes, including discretization errors due to the slicing process. The data in Table
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2 also indicate that there are no major geometrical changes that occur in the de-binding

stages, as already shown by the density evolution in Figure 3.

Table 2: Cumulative deviation in part dimensions through CEAM process

Green (After  After solvent  After thermal After

Process stage 3D printing) de-binding de-binding sintering

Mean linear deviation (mm)

from the green CAD model -0.37 031 -0.32 -0.63
Mean linear deviation (mm)
from the sintered CAD n.a. n.a. n.a. -0.22
model
Standard deviation (mm) 0.25 0.27 0.26 0.19

The sintered parts have also been compared to a CAD model computed by shrinking the 3D
printing CAD model by 15.5% on linear dimensions, which is the nominal predicted value
for this feedstock. Indeed, the sintered parts had a measured linear shrinkage after sintering
of 13.4%, with respect to the green part dimensions. Figure 9 shows the deviation of sintered
parts from their nominal dimensions. The deviations are due to: 3D printing errors, error in
predicting the linear shrinkage, distortions. Interestingly, the top regions of the parts have

larger final deviations.
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Figure 9: Dimensional deviation of sintered parts with respect to the CAD model

3.6. Effect of the part state on surface quality
Figure 10 shows the magnified side views of 3D printed parts. Since all parts have been
deposited with no contour, the outer surfaces are quite irregular both in the green and sintered

states. Furthermore, there is excess material at each direction reversals of roads, because of
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the deceleration of the table at the direction changes. However, the micrographs indicate that,
with respect to the green state, the surface irregularities in sintered parts are significantly
smaller, due to shrinkage. It is also noticeable that micro-cracks are visible in the green state,

in Figure 10 (a), and they remain in the sintered state.

2zcircle-0001 F x40 2 mm 11540-0003 F x40 2 mm

Figure 10: SEM micrographs of (a) green and (b) sintered alumina parts

4. Conclusions
In this work, alumina samples shaped as double-diameter pins parts were produced through
the stages of the Ceramic Extrusion Additive Manufacturing process: 3D printing, solvent

de-binding, thermal de-binding, and sintering.

The final average mass reduction was 16%; most of the mass was lost during the two de-
binding phases. The final relative density was 94%; most of the densification took place
during sintering. The final overall surface (i.e. layer-wise) porosity was less than 1%, after

sintering.

A vertical gradient of porosity is present in green and de-bound samples, with porosity
decreasing with increasing sample height. This is mainly due to mechanics of the 3D printing
process, because the roads of the first 3D printed layers, which are closer to the build
platform, are wider. After sintering, the vertical gradient of porosity disappears, due to the

strong material shrinkage that acts as a homogenization mechanism.

A minor radial gradient of closed porosity is also present in the first two states, and it is also
strongly reduced after sintering. The closed porosity is smaller at the centre of samples. On

the contrary, open-cell porosity is mainly present closed to the outer surface.
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From a morphological point of view, the sphericity and the diameter of voids are negatively
correlated and dispersed over a wide range in the green state. Conversely, the equivalent
diameter and the sphericity of voids are less dispersed and less correlated, i.e. more
uniformly distributed, after sintering. Furthermore, there is a correlation of sphericity with
respect to the vertical direction. At the green state, voids which are closer to the bottom of
samples are less spherical and larger. Again, the sintering process has a homogenization

effect on the void shape distribution.

Finally, both the geometrical deviation and the surface quality of parts improves when

moving from the green to the sintered state.
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