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Abstract: Additive manufacturing technologies have been in continuous growth due to their advan-
tages over traditional manufacturing. The iro3d is a powder deposition machine designed to build
metal parts. This research work proposed the adaptation of the iro3d selective powder deposition pro-
cess to allow the production of glass-ceramic parts using recycled glass powders. Various specimens
were produced using different deposition strategies such as build orientation and sintering holding
times. Specimens were evaluated in terms of geometric distortions (shrinking and warping) and in
terms of mechanical performance (flexural behavior and hardness). Two geometrically complex test
parts were also produced to infer the minimum feature size capabilities of the process. The results
denoted parts that displayed significant geometrical deviations, which could be correlated with some
of the tested parameters. Through the addition of sand to the tested specimens, we demonstrated
that distortions could be mitigated with proper control of the powder’s coalescence. In the end, the
specimens’ fracture surfaces were examined, and the presence of porosities was correlated with their
mechanical properties. The results demonstrated that the iro3d SPD process could be used to produce
additively manufactured glass parts.

Keywords: iro3d; sintering; build orientation; sand; shrinkage

1. Introduction

Additive manufacturing (AM) enables the production of geometrically complex struc-
tures with, potentially, enhanced mechanical performance, often allowing savings in costs
and process time. Components are usually produced based on a digital model by adding
material in a layer-by-layer manner. One of the main advantages of AM is its ability to
fabricate parts with complex geometries, which are very difficult to obtain with traditional
production techniques [1,2].

Metal and ceramic AM machines, and associated production costs, are commonly
higher when compared with other AM technologies, partially because powders are difficult
to process [3,4]. The use of glass covers many fields, some of which are indispensable
to our current lives. Glass and other ceramic materials share most of the difficulties of
printing with metals. Their durability, optical characteristics, and unique mechanical
properties are examples of what promotes the interest in the 3D printing of these materials.
Moreover, due to their brittleness, obtaining geometrically complex ceramic parts with
conventional subtractive technologies is often very difficult or not possible at all [5]. The
3D printing of glass is still far from reaching the development stage of polymers or metals.
Currently, reports of additively manufactured glass parts can be found for applications such
as ornaments, optical elements, or components for microfluidics, in fields such as biology,
chemistry, and medicine [6-9]. Concerning the 3D printing of glass, both material extrusion
and powder bed fusion processes have been employed, with the main problems identified
related to temperature control and a grainy layered outcome, respectively [10-12]. Glass has
also been successfully printed by vat photopolymerization, using both stereolithography
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and digital light processing techniques. In some cases, specially prepared resins are used,
and the layered curing process remains the main issue [13,14].

In 2019, with the introduction of low-cost 3D printers such as the iro3d, the AM of
these materials became closer to becoming more economically viable and competitive.
The iro3d is a low-cost 3D printer based on a selective powder deposition (SPD) process,
designed to print metal parts [15]. The research by Magalhaes et al. [16] validates the SPD
process through the production of tin bronze specimens and details several relevant aspects
of the manufacturing technique requirements. Nonetheless, reports on its characteristics
and applicability are still scarce, which justifies the need to study its processing capabilities.
The validation of SPD can help the technology to become more relevant, economically
viable, and competitive. For this reason, this work focused on investigating the potential of
the iro3d and its SPD process to produce glass parts.

Initially developed to produce metal parts, the iro3d (Figure 1A) has the potential
to be material agnostic if powders fulfil the necessary process requirements. Naturally,
powder morphology varies according to the manufacturing process used to produce
its particles [17], impacting powder packing density [18] and therefore the mechanical
properties of components. Particle shape will also affect flowability and packing, with
spherical particles being preferred over irregularly shaped ones [19]. In the deposition of
powders, flowability is essential to achieve homogeneity among the layers of the build [20].
Powder flowability can be enhanced with coarser spherical particles, low moisture content,
and a narrower particle size distribution (PSD) [21,22]. Even though coarser particles can
be associated with better flowability, a wider, bimodal PSD type results in a faster flowing
of the powder particles, improving the packing density [23]. Furthermore, a narrow PSD
with a high void ratio will increase the permeability in the horizontal directions, and a
higher mean diameter of the powder particles increases the vertical permeability [24]. For
the iro3d SPD, better flowability should be prioritized [25], taking into consideration that
powders’ chemical compositions will greatly affect the printed parts [26]. Regarding the
chemical properties of the support powder, both regular sand and silica sand can be used as
the support material. Both sand types have melting points above 1500 °C, which is higher
than the reported values for glass sintering that start at around 650 °C [27]. Even so, 5% to
20% of regular or brown sand are impurities such as iron, carbonate, and potassium, which
make some sand types chemically reactive, possibly damaging the crucible or glass when
fired up.

Rough Powders

—

Fine Powders |

Powder Containers

-

Support Powder

Crucible

Figure 1. The iro3d selective powder deposition (SPD) process. (A) Iro3d model C machine with
main components identified. (B) Section view scheme of the crucible with support and build powders
inside, after the deposition stage and before sintering. (C) Example of a pourer depositing glass
powders inside an alumina crucible.

To produce metal parts with the iro3d, a powder runner is usually built on top of the
part. Inside the furnace, this runner allows the infill metal to flow through it, soaking the
remaining metal powder once the infill material melting temperature is achieved [16].
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Concerning glass powders, the manufacturing workflow used to produce specimens
in this research did not include the building of a runner during deposition or the use of
infill material in the sintering stage. The scheme of Figure 1B demonstrates the result of a
build, after the layer-by-layer process of selectively pouring glass and support powders
into a crucible. Figure 1C is meant to demonstrate the deposition stage where, within each
layer, the head system exchanged its tooltip between the four available pourers.

During the powder deposition stage of the iro3d, the particles are distinguished by
their mean diameters, being divided into two different categories, fine and rough sizes. Fine
powders were employed in the border between build and support materials, as exemplified
in the scheme of Figure 1B, promoting the reduction of surface roughness. Considering the
pourer’s diameter, the build and support powders” PSDs should be roughly 1/10 of the
pourer diameter, between 40-90 um and 90-190 um for fine and rough powders, respec-
tively [16], which is in line with the work performed by D. Schulze [28] that recommends
powders to be five to 10 times smaller than the given outlet diameter.

Regarding the iro3d SPD classification within AM process families [29], the two closest
standardized AM categories are powder bed fusion and binder jetting [30]. Even so, SPD
does not use a binder in each deposited layer of powders, and its temperature inside the
furnace does not reach the melting temperature of the build powder [31]. For this reason,
SPD could be better defined as a bottom-up layered technique that selectively deposits
small discrete particles using a single channel [32], or be understood as an indirect powder
bed process that uses a thermal source as a post-processing stage to cast or sinter the final
part [33].

This research aimed to evaluate the adequacy of the iro3d SPD process in the produc-
tion of glass-based products. To do so, several cuboid specimens were produced under
variable powder deposition and sintering strategies.

Several studies have focused on evaluating glass sintering stages, namely, the effect of
powder composition and the temperatures involved. Yong-Taeg et al. [34] used high-purity
silica powder mixed with impurities and found that transparent glass could be obtained in
a high-vacuum atmosphere above 1400 °C. Using a silica sand-based material, the work
by Yang et al. [35] concluded that increasing sintering temperatures from 640 °C up to
680 °C would promote shrinkage and lower porosity. Experiments with recycled glass from
windshield waste conducted by Gualberto et al. [36] noted the difference in parts made
with recycled glass and recycled glass with niobium oxide.

In this work, the effects of process variables such as build orientation, build material,
sintering temperature, and thermal cycle time on the geometrical distortions (shrinking and
warping) and mechanical performance (microhardness and transverse rupture strength)
were analyzed. In addition, a preliminary study on the capabilities and limits of the
technology was carried out using two test parts composed of various feature sizes.

2. Materials and Methods

Even if the iro3d SPD process is simplified when producing glass parts instead of
metal ones, production should consider the importance of crucibles, powders, or furnace in
the behavior and structural integrity of parts.

2.1. Iro3d Machine, Furnace, Crucibles, and Specimens

The iro3d machine used in this study was a model C (Figure 1), with an available
build volume of roughly (279 x 274 x 110) mm?. This model was equipped with two fine
and two rough pourers. The main difference between them was the outlet diameter, which
took the values of 1.9 mm for both rough pourers, 1.17 mm for the fine build powder, and
0.9 mm for the fine support powder.

The thermal source used during the sintering stage was the Termolab (Agueda, Portu-
gal) MLM 12 /12 with the Eurotherm (Worthing, UK) programmable controller EPC3016.
Parts were sintered in an oxygen-rich atmosphere.
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The crucibles used were composed of alumina (99% Al,Os) and were either cylindrical
or parallelepiped in shape. According to their manufacturer, they had a linear expansion
coefficient of 7.8 x 107° “C~! and a thermal conductivity of 25 W/m-K.

Test specimens used in this study were cuboids measuring 85 x 15 x 5 mm and were
designed following the ASTM standard C158-02—Test Methods for Strength of Glass by
Flexure (Determination of Modulus of Rupture) [37]. In a preliminary study, similar but
thinner cuboid specimens’ dimensions were also used to grasp a better understanding
of the process. Figure 2A shows the positioning of specimens inside the two types of
crucibles used.

270
63

100

Figure 2. Overview of produced parts. (A) Scheme of the positioning of specimens inside the two
types of crucibles. The numbering sequence is defined for the position of each specimen within a batch.
Horizontally built specimens in parallelepiped crucibles (on the left) and vertically built specimens in
cylindrical crucibles (on the right), where dimensions are in mm. (B) Test parts produced.

Figure 2B shows two different test parts designed to better understand the limitations
of the iro3d SPD process. These parts are composed of small features such as holes, pillars,
and walls whose objective was to guide the design for AM of glass parts produced with SPD.
Detailed information on their features size can be consulted in [25]. This was a preliminary
study that aimed to complement the one represented in Figure 1A, by providing notions
on the production capabilities of features such as minimum thicknesses, hole diameters,
and overhangs.

2.2. Build and Support Powders

Two different glass build powders were kindly provided by two Portuguese com-
panies, Blasqem (Maia, Portugal) and Coniex (Maia, Portugal). They were composed of
glass microspheres, and their morphology was analyzed in a SEM session using the model
Phenom Pro G6 from Thermo Fisher Scientific (Waltham, MA, USA). The results of this
analysis can be seen in Figures 3 and 4.

The glass from Blasqem was used as the build powder to produce the cuboid speci-
mens. The glass microspheres that composed it were fused from soda-lime glass that was
recovered from the glass of broken windows. Afterward, they went through a sieving
process to achieve PSDs between {42-122} um and {122-174} um. The glass from Coniex
was used as the build powder to produce the test parts in Figure 2B, and a few thin speci-
mens were used in preliminary studies. Coniex glass microspheres were also recovered
from shredded window glass, which suffered a cleaning process that removed impurities
before it was then taken to a dedicated furnace. They were provided with PSDs between
{70-110} um and {100-200} pum.
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Figure 4. SEM images of the Coniex glass build powder. (A) Fine, and (B) rough.

The compositions and properties of these powders are detailed in Table 1.

Table 1. Glass powder composition and properties. Data compiled from [30,38,39].

Blasqem Coniex
Fine 42-122 70-110
PSD (um) Rough 122-174 100-200
Hardness (Mohs) 6 6
Solid Density (g/cm®) 2.5 25
Apparent Density (g/cm®) Rlz)]ll:;h iié 1;2
.1: Fine 66 74
Flowability (mg/s) Rough 246 257
Melting Point (°C) {700-850} ~730

The fine support powder that was used was composed of sand from Atomwell®
(Dayton, TX, USA) and had a PSD of {74-100} pum, and the rough powder was from Strobel
Quarzsand GmbH (Freihung, Germany), having a PSD of {122-174} pm. Both support
materials had a reported melting point of over 1500 °C.

2.3. Experimental Procedure

The production of specimens within this research can be divided into three distinct
stages and groups of samples. First, the preliminary study concentrated on identifying
process intricacies and choosing the sintering temperature of the specimens. Second, the
main study, where specimens were produced under constant conditions (except for the
variable under study), was the focus of the results of this work. Finally, the third study
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consisted of the production of the two test parts with geometrically complex details, which
allowed the assessment of process limitations.

Each batch of produced specimens was evaluated in terms of geometrical deviation
from the theoretical dimensions of the CAD model (warpage and shrinkage), and its
mechanical resistance was estimated through three-point bending and microhardness tests.
To complement, the weight of the specimens (and powders) was measured using the
laboratory precision scale KERN PCB.

2.3.1. Preliminary Study

In a preliminary study, batches of thin cuboid specimens were produced in the par-
allelepiped crucibles and were sintered at temperatures of 750, 800, and 850 °C, with a
sintering hold time of 1 h. The Coniex glass microspheres’ sintering temperature was
estimated at 730 °C by the material provider. Nevertheless, the work by Jaafar et al. [40],
which treated a similar type of soda-lime-silica glass with sintering temperatures between
700 and 1000 °C, could be consulted for alternatives.

These specimens were evaluated in terms of geometrical distortions and transverse
rupture strength, but since their size was not equal to the test samples of the main studies
that followed, the quantitative results of this analysis were only used as a decision base
for the subsequent work. With no visible relation to the sintering temperature, specimens
revealed significant levels of geometrical distortions. To assess the possible source of such
distortions, a research hypothesis for the subsequent study was created using sand as the
build material. Notably, the distortions observed in the samples of the preliminary study
induced a significant error during the strength evaluation. For this reason, the main study
used 85 x 15 x 5 mm cuboid specimens, the ones shown in Figure 2.

2.3.2. Main Study: Sintering Time, Sand Percentage, and Position Inside the Crucible

In the main study of this research, a total of 14 batches with four prismatic specimens
were produced, with each batch representing a process parameter under study. Specimens
were printed in both rectangular and cylindrical crucibles, which implied different build
directions, horizontal and vertical, respectively. Note that the effect of the position of each
specimen in the crucible was also a variable under study, namely, in the horizontally built
specimens, since the weight on top of specimens and lateral clearance could influence the
sintering stage.

In the first eight batches, glass microspheres were used as the build powder, and the
hold time of a sintering temperature of 750 °C was tested, with values varying between
1, 2.5, 4, and 8 h. In the remaining six batches, specimens were produced at a sintering
temperature of 750 °C and a hold time of 1 h. The build powder of these six batches had
not only glass but a percentage of sand mixed with it, varying between the values of 20%,
40%, and 60% in weight.

To identify each batch of specimens, a labelling system consisting of a number or
percentage value and one letter is detailed in Table 2. The letter is related to the primary
study variable, i.e., the orientation of the specimens. The letter “h” represents horizontally
printed specimens, and the letter “v” represents vertically printed specimens. The number
or percentage was related to a secondary study variable, i.e., hold time (A,4) or sand
percentage in weight (%g4,4)-

To assess the relative shrinkage of produced parts, all three dimensions of each speci-
men (length, width, and thickness) were measured using a digital caliper, in three different
sections along the specimen’s length. The locations of these sections were maintained
throughout measurements, i.e., always on the same level of altitude in vertical specimens
or longitude in horizontal specimens. The volume of the prismatic specimens was com-
puted using the average of all measurements taken in each specimen, and a ratio between
theoretical and experimental volume values was used to compute shrinkage. Warpage was
evaluated mostly from a visual and qualitative perspective.
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Table 2. Labelling of each batch of four specimens according to each study variable.
Label Hold Time [Hours] Sand Percentage Build Orientation
1h 1 0 Horizontal
1v 1 0 Vertical
2.5h 2.5 0 Horizontal
2.5v 2.5 0 Vertical
4h 4 0 Horizontal
4v 4 0 Vertical
8h 8 0 Horizontal
8v 8 0 Vertical
20%h 1 20 Horizontal
20%v 1 20 Vertical
40%h 1 40 Horizontal
40%v 1 40 Vertical
60%h 1 60 Horizontal
60%v 1 60 Vertical

The flexural property assessment was conducted on a Universal Testing Machine
Instron 5566 with a 500 N load cell and a crosshead speed of 1 mm/min. The transverse
rupture strength (0rgs), flexural strain at rupture (e,), and modulus of elasticity in bending
(Egeng) were computed using Equations (1)—(3).

3P,a

OTRS — YY) [MPa] (1)
2bt
60,1
& = a£ ()
a3k _
Epend = 773 % 10 3 [GPa] (3)

where P, is the breaking load; a is the distance between supports, the span (44 mm); and
t and b are the experimentally measured values of thickness and width, respectively. In
Equation (3), k is the flexural stiffness, which is the initial slope of the load deflection curve,
obtained with the graphical method.

After the flexural tests, four vertically printed specimens, one for each sintering
holding time, and two horizontally printed specimens, with two different hold times,
were selected for the microhardness tests. Hardness Vickers (HV) was measured using a
Shimadzu HMV-2 digital microhardness testing machine. In each specimen, four measure-
ments were performed, two in each broken piece of the specimen, distanced 15 and 30 mm
from the two edges, as seen in Figure 5.

Top Mid Top Mid Bottom Bottom
o o o [

15 mm 15 mm

15 mm 15 mm

‘—“ ———y | ety

(A) (B)

Figure 5. Microhardness test procedure. (A) Example of Vickers indentation on a specimen.
(B) Location of hardness measurements.
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2.3.3. Test Part Production Study

In the third study type, the production of two test parts with geometric details aimed
to provide a better understanding of production limitations. The test parts contained walls
with different thicknesses, circular columns, holes, arc-shaped columns and holes, and semi-
circular bridges with square sections. These details were an attempt to define a reference for
minimum thicknesses, hole sizes, overhang angles, and slenderness of external bodies.

3. Results and Discussion

The production process of glass-ceramic test specimens and parts using the iro3d was
confirmed to be simpler when compared with the production of parts that required the use of
infill material, such as metal parts production [16]. Furthermore, by not having to produce a
runner on top of the part during the deposition stage, the production time of each part was
significantly reduced. Even so, due to the brittle behavior that the produced parts displayed,
measurements and support powder removal were delicate and time-consuming tasks.

3.1. Preliminary Study Results

When varying the sintering temperatures (Ty;,;;), no clear linear dependency with
distortions was found, which contradicted what D. Yang et al. [35] concluded using borosil-
icate glass and temperatures between 640 °C and 680 °C. However, when compared with
research results using recycled soda-lime-silica glass from windshields, as presented in
Gualberto et al. [36], or with recycled sauce bottles in Jaafar et al. [40], similarities could be
found. Namely, the specimens sintered at 800 °C had the smallest shrinkage. Gualberto
et al. found that increasing the sintering temperature up to 800 °C would lower the density
of the specimens since the crystallization would occur before the sintering was complete,
causing a rapid increase in viscosity and successively less dense materials [36]. Jaafar
et al. [40] state that a further increase in the sintering temperature to values above 800 °C,
together with secondary effects, would lower the viscosity of the glass and provoke the
increase in density, which can result in greater shrinkage. However, these comparisons are
limited in the sense that the materials used, processing techniques, and sintering conditions
are different from the ones used in this study. Furthermore, in the iro3d SPD, the parts were
sintered inside the crucible and involved sand, which affected the heating, cooling, and
crystallization processes. Due to their very thin sections, the shrinkage of these specimens
was relatively small, with the greatest mean values being for the specimens sintered at
850 °C. All specimens displayed a brittle fracture with a very short displacement at break.
The average transverse rupture strength (crrs) of these tests was below the reported values.
An explanation could be the existence of additional stress concentrations from warping
along the length axis, possibly due to uneven shrinkage. The smallest shrinkage was
observed in the specimens sintered at 750 °C.

Considering the distortions observed, the hypothesis of mixing sand with glass and
using the mixture as build powder was tested to infer sand’s influence on shrinkage.

3.2. Geometric Distortions and Warpage

Concerning the main tests of this research, both horizontally and vertically built
specimens displayed a visible amount of shrinkage. Generally, the shrinking was more
pronounced in dimensions that were aligned with the vertical direction of the build, mean-
ing a significant impact on the thickness of horizontally printed specimens and the length
of vertically printed specimens. Shrinkages up to 22.93% and 16.62% were verified in
thickness and length, respectively. In addition, horizontally built specimens presented a
defined warpage tendency, with specimens that were closer to the top/open surface of the
crucible displaying higher warping values. The bottom specimens shrank but displayed
little warping. One explanation for this could be the fact that each specimen was subject to
a different weight load on top of it. Another effect was that during shrinking, the support
sand above a specimen flowed downwards, and the glass microspheres in the surroundings
were affected by this flow of powders. This effect was accumulated in some areas of the
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crucible, and the displacement of the center glass powders became larger as the number of
specimens below the specimen under consideration increased, promoting warping.

This influence of build orientation on warping can be observed in Figure 6A,B, which
show batches 8h and 8v. The influence of the sand percentage in the reduction of warping
is also clear in Figure 6C.

(B)

(€

Figure 6. Representative example batches of specimens and their relative positions inside the crucible.
(A) Horizontal specimens. (B) Vertical specimens. (C) Horizontal specimens with 60% sand in weight.

Regarding the holding time (Ay,;4) analysis in [35], in Figure 7A, in the horizontal
specimens, the shrinkage variations were not very significative, being the maximum mean
shrinkage value obtained in the thickness (15.7%), for a Ay, of 8 h. In vertically printed
specimens (Figure 7B), a Aj,;7 of 1 h resulted in the shorter specimens, while the longer
specimens were obtained for a Ay, of 8 h. Considerable variations on the average shrink-
ages were detected for the width (4%) and thickness (7.61%), possibly due to problems
inherent to the printing process. The most notable shrinkages happened, as expected, in
the vertical directions, i.e., along the thickness of horizontally built specimens and along
the length of vertically built specimens.

(A) Horizontal Specimens - Apqiq x
= = N _ E I I I T
3 1
= £ [ £
H . miemlE (Wl $
= E I £
& S £
: (3.15%) (3.26%) (2.90%) (3.08%) (8.34%) (4.04%) (4.24%) (4.26%) = (13.87%) (13.17%) (13.63%) (15.72%)
85 8233 8223 8253 8238 15 14.35 1439 1436 1436 5 431|434 || 432 || 421
Model 1h 2.5h 4h 8h Model  1h 2.5h 4h 8h Model  1h 2.5h 4h gh

I

Vertical Specimens - Ay,1q ' i 1

o o E 1
E E
2 = 2
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(16.16%) (14.33%) (14.72%) (13.85%) (—0.73%) (—0.16%) (1.86%) (3.27%) (~7.23%) (—3.67%) (—6.96%) (0.38%)
85 7126 7282 7248 7323 15 15.11 || 15.02 1472 1451 5.36 || 518 535 498
Model 1v 2.5v v 8v Model 1v 2.5v v 8v Model v 2.5v 4y 8v

Figure 7. Average geometric distortion (shrinkage) of specimens under variable sintering hold time
(Apoia)- (A) Horizontally built specimens. (B) Vertically built specimens. Absolute values of each
measure are in mm, and relative variation from CAD model is a percentage. Negative values indicate
an increase in size.
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Concerning the influence of sand percentage (%;g,;,4) on horizontal specimens’ ge-
ometrical distortions, the shrinkage was indeed reduced to nearly zero, as intended, in
specimens with sand percentages over 40% (Figure 8). It can also be seen that the standard
deviations that were very pronounced in some cases were minimized, possibly because
the glass microspheres were now limited by the sand particles and could not flow. The
same happened in the vertical specimens, as the specimens with 60% sand even expanded
(length shrinkage of —0.77%), which was possible considering that the apparent den-
sity of the glass microspheres was superior to the apparent density of the sand used as
support powder.

(A) Horizontal Specimens - Y%sqnd \
E I I
= = Z E = I
€ =
£ H . s
= [ = 3
on £ g 1
(3.15%) (2.59%) (0.10%) (0.12%) (4.34%) (5.30%) (-0.11%) (0.81%) = (13.87%) (13.30%) (1.33%) (4.65%)
85 8233 8280 8492 84.90 15 1435 1421 1502 14.88 5 431 434 493 477
Model 1h 20%h  40%h  60%h Model 1h 20%h  40%h  60%h Model 1h 20%h  40%h  60%h
Vertical Specimens - %gana E
£ = = _ = Z 1 i ! ( T
£
£ £ %
£ 5 g
g E i £ '
(16.16%) (11.74%) (1.70%) (-0.77%) (~0.73%) (4.06%) (-1.11%) (~1.60%) B (-7.23%) (6.17%) (—4.33%) (-3.50%)
85 71.26  75.02 83.55  85.65 15 15.11 1439 1517 15.24 5 536 469 522 518
Model 1v 20%v a40%v 60%v Model 1v 20%v 40%v 60%v Model 1v 20%v 40%v 60%v

Figure 8. Average geometric distortion (shrinkage) of specimens with different sand percentage
(%sand)- (A) Horizontally built specimens. (B) Vertically built specimens. Absolute values of each
measure are in mm, and relative variation from CAD model is in percentage. Negative values indicate
an increase in size. (Batches 1h and 1v are present in the graphs for comparison, as they contain
specimens subject to the same sintering temperature and hold time but had 0% sand mixed in the
build powder.)

Even though they were printed horizontally, the specimens of batch 60%h, printed
with 60% sand mixed in the build powder, did not warp. When measuring dimensions
along the length of each vertically printed specimen, the width and thickness decreased,
from the base of the crucible/specimen to the top.

Naturally, the sand percentage had an impact on the mass, volume, and density. As
the sand percentage increased, the glass microspheres were stopped from shrinking and
flowing. Since sand was lighter and less dense than glass, the mass of the specimens
decreased, their volume increased as sand stopped the glass powder from shrinking,
and the density consequently decreased. From 0% to 60% sand, the average mass of the
specimens decreased 20%, from 10-11 g to 8-9 g, and the density decreased roughly 30-35%
from 2 g/cm3 to 1.3-1.4 g/cm?.

It should be noted that independent of sintering temperature and hold time, in the
printing process of vertical specimens, powders were poured in smaller areas, at a higher
deposition pace. Contrary to what happened in horizontally built specimens, vertical
builds almost always used only fine-sized powders. The frequent starting and stopping
of the pouring could result in extra glass powder being poured into each layer due to the
closing of the pourers not being ideal. On average, vertical specimens tended to be heavier
and larger than horizontal ones, their mass varied from 9-10 g to 11-12 g, and the volume

was from around 5000 mm?3 to around 5700 mm?.
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3.3. Flexural Properties

Naturally, the glass-ceramic specimens produced behaved as brittle materials. The
stress—strain curves of batch 8v are represented in Figure 9. These were a representative
example of flexural tests after load deflection curves were translated into stress—strain
using the measured average dimensions of each specimen’s transverse section. The re-
maining experimental data can be found in the Supplementary Materials associated with
this research.

__35
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ubq 15 8v-2
IU = 8v-3
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o 0 e 8v-4
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Flexural Strain (mm/mm)

Figure 9. Flexural stress—strain curves of the specimens of batch 8v.

To globally analyze the impact of the process parameters in the behavior of SPD
specimens, a simplification was made, only displaying the average transverse rupture
strength (o7Rrs) and the average modulus of elasticity in bending (Eg,, ), noting that
in some cases, the rupture strain was very variable. Irregularities such as down-steps
happened in all types of specimens. These down-steps corresponded to times at which
sections partially broke. These down-step-shaped irregularities are not rare in stress—strain
graphs obtained in bending tests with similar materials. One likely primary source of error
in the flexural assessments was related to the visual warping of each specimen. Considering
this average of orrs and Epg,,y between batches, Figure 10 illustrates the global results
obtained in the bending tests.

35
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Figure 10. Average transverse rupture strength (crrs) and modulus of elasticity in bending (Ep,;,4 ). Darker
bars indicate the average Eg,,,;, and lighter-colored bars indicate the average orgs.

When it came to the specimens with 20% sand mixed with the glass, the down-steps
became bigger and more frequent. This behavior was predicted and could be related to
the fact that the sand particles did not sinter and therefore were merely held together due
to the sintered glass microspheres. The sections containing bigger percentages of mixed
sand were more susceptible to breaking, making the specimens weaker. Figure 11 shows an
example of the fracture surfaces of a pure glass specimen and a specimen with 60% sand.
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(B)

Figure 11. Example of fractured specimens. (A) Horizontally built specimen, with 0% sand, display-
ing a smooth fracture surface. (B) A similar specimen built with 60% sand, displaying a granular and
irregular type of fracture surface.

Looking at the specimens printed with 100% glass microspheres, the horizontally
printed specimens sustained the higher flexural stresses, from 25 MPa to 33 MPa, while the
maximum flexural stress for the vertically printed specimens was below 20 MPa.

Despite undergoing a sintering stage that could minimize the layer effect, the results on
build orientation still revealed the natural tendency of layered processes. In the horizontal
specimens, the layers were aligned with the bending plane, perpendicularly to the direction
of the load. In vertical specimens, layers were colinear with the load direction, which made
them more susceptible to breaking. When considering the specimens with 20% sand, the
orientation of the specimens did not significantly impact the maximum stress, as both types
only sustained flexural stresses up to 13 MPa.

3.4. Microhardness

Microhardness tests were performed in four vertically built specimens (one for each
sintering hold time) and two horizontally built ones (with A, of 4 and 8 h). No specimen
with mixed sand was tested as they were considered too frail. The results from the micro-
hardness testing in hardness Vickers (HV) are summarized in Table 3. These results were
aligned with the literature reports that quantified the hardness of this type of glass with
values ranging from 540 HV to 660 HV. No clear tendency was found with the sintering
temperature or the altitude of the section of the specimen inside the crucible.

Table 3. Microhardness Vickers results.

Microhardness Vickers (HV)

Specimen Top Mid Top Mid Bottom Bottom Average
1v 606 526 512 582 556.5
2.5v 598 587 549 600 583.5
4v 690 619 557 547 603.3
8v 476 591 598 601 566.5
1h 571 595 564 564 573.5
8h 527 653 571 558 577.3

3.5. Internal Structure

Figure 12A,B demonstrate the difference in specimens sintered during 1 h and 8 h,
where the porosities were partially dissipated when holding time increased. This fact
corroborated the obtained bending results, implying that longer hold times could reduce
porosities and improve the strength of the sintered parts. Figure 12C shows a vertically
built specimen sintered for 8 h that in comparison with the horizontally built one revealed
many more porosities. This could be explained by the more irregular pouring process
identified in the vertical specimens and was in line with the obtained bending results.

Figure 12D also contains the fracture surface of a specimen with 20% sand where sharp
edges can be identified, belonging to the support sand, as the sand particles used were
not as spherical. This observation supported the fact that sand significantly weakened the
specimen, as the sand particles did not sinter.

To confirm that the visible spheres in Figure 12 were porosities and not unsintered
glass microspheres, specimens were analyzed in a SEM session. Figure 13 shows the
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(A)

fracture surface of specimen 1h where several spherical voids (in black) or semispherical
craters can be found, which most probably originated from trapped gas in the sintering
stage. These observations were confirmed by SEM images of the remaining specimens.

b

Porosities

Porosities - '
\O e d $ Sharp Edges
d I B N T G -
(D)

Figure 12. Amplification (~80x) of the fracture surface of representative specimens. Photos ob-

(B) (@)

tained with an AM7025X Dino-Eye eyepiece camera mounted on an Optika SZM trinocular stereo
microscope. (A) Specimen 1h. (B) Specimen 8h. (C) Specimen 8v. (D) Specimen 20%h.

Figure 13. SEM image of the corner of the fracture surface of a specimen from the 1h batch. Image
obtained in the desktop SEM Phenom Pro G6 from Thermo Fisher Scientific (Waltham, MA, USA),
after samples were coated with gold and palladium.

3.6. Test Parts Inspection

Concerning the test parts produced, out of the five walls of test part 1, only three
were printed, i.e., walls with 0.9 and 1.17 mm in thickness (which are the diameters of the
openings of the fine and rough pourers) were not visible in the final part, even though their
respective build powder was deposited. Notable in both parts, all the walls were thicker
on one of the edges, corresponding to the position where the pourer stopped in each layer.
The smallest obtained had a width of 1.5 mm, present in test part 2.

Out of the four circular columns and holes, the ones with a 1 mm diameter were not
produced, with the minimum circular features having a 2 mm diameter. The arc-shaped
details were all printed but were ripped from the part during a cleansing stage. All the
semi-circular bridges were printed, with visible distortions. Figure 14 shows the parts after
being sintered and cleaned with a metal brush.

As can be seen, the arcs and circles were not well detailed in the final parts. The
circular columns in test part 1 were attached, just like the thicker edges of some walls, even
though there was a 1.4 mm clearance between them. The bridges were printed in a good
semi-circular shape, but their section was very irregular. Furthermore, the small distance
between details affected the cylindricity of the circular columns and holes. It was also the
increased distance between details that allowed the arc-shaped columns and holes to be
“cleaner” in test part 2, making the difference between different radii visible.
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(A) (B)

Figure 14. Produced test parts and their comparison with the theoretical CAD model. (A) Test part 1.
(B) Test part 2.

4. Conclusions

In this work, the potential of the iro3d SPD process to produce glass-ceramic parts
using glass microspheres obtained from recovered glass waste was investigated through
the production of cuboid specimens and two geometrically complex test parts.

A preliminary study was performed to have a clearer vision of adequate sintering
conditions, process requirements, and experimental procedure intricacies. These observa-
tions led the authors to try to control the distortions of samples by mixing the glass build
powders with sand powders (that will not shrink or melt during sintering). Consequently,
in this research, the influence of sintering temperature hold time, the sand percentage
in the build powder, and specimen position in the crucible were tested. The assessment
was complemented with the production of test parts with geometrically complex details,
which allowed us to infer process limitations regarding minimum thicknesses, hole sizes,
or overhang production capabilities. Overall, specimens were evaluated in terms of geo-
metrical deviation from the theoretical dimensions and subjected to three-point bending
and microhardness tests.

The authors conclude that the positioning of parts inside the crucible and, more
specifically, the material amount and weight above it significantly influenced the final
geometrical accuracy of parts. The higher the horizontal specimens were in the crucibles,
the bigger the warpage observed. Neither the temperature nor the hold time had a clear
correlation with shrinkage. However, increasing the sand percentage up to 60% reduced
the specimen’s shrinkage to a minimum. Horizontal specimens with higher sand percent-
ages did not shrink, and no warping was observed. Specimens produced with greater
sand percentages were slightly lighter, larger, and less dense due to the lower mass and
apparent density of the sand. Additionally, vertical specimens were slightly larger and
heavier when compared with horizontal specimens. This could be justified by the fact
that in the deposition stage, the build powder was poured much more frequently in the
vertical specimens, even though in smaller areas, which resulted in an excess of powder
being poured.

Possibly due to an increase in humidity or due to the size and morphology of the
powders, their flowing inside the pourers could be interrupted due to clogging, both in the
deposition and in the refilling stage. This effect could also be more pronounced in vertical
specimens. In the cylindrical crucibles, it could be seen that almost all the build powder
used was fine-sized, due to the section area of the specimens. On the other hand, when
printing horizontal specimens in the rectangular crucibles, around 25% of the build powder
use was fine, and the remaining 75% was rough. This fact had an unknown influence on the
comparisons between build orientations, and for this reason, the authors suggest studying
the influence of single-size usage of powders.

Overall, increasing sintering hold times resulted in improved mechanical properties,
which was corroborated by the smaller number of porosities in the fracture surface of speci-
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mens. With a value of 36 MPa, the maximum transverse rupture strength was registered in
horizontally built specimens with a sintering time of 8 h. All the specimens of this batch
revealed greater strain at rupture when compared with batches sintered for lower hold
times. Naturally, vertically printed specimens were generally weaker when compared with
horizontally built specimens under the same conditions.

When the sand was mixed with glass as build powder, only percentages up to 20%
resulted in specimens presenting brittle behavior as all the other specimens printed with
higher percentages of sand were too weak and simply tore apart.

The fracture surfaces of specimens revealed that higher hold times reduced the number
of porosities inside the specimens, corroborating the flexural strength results. Vertical
specimens presented more porosities when compared with horizontal ones.

To finalize, the printed test parts allow the partial identification of current manufac-
turing limitations. It can be concluded that to properly design a part to print with the
iro3d SPD process, the minimum size of the details needs to be superior to the diameter
of the opening of the build pourer. In this work, the smallest printed detail was a wall
with a width of 1.5 mm. Also worthy of mention is the fact that the walls were thicker on
one of the edges, corresponding to the position where the pourer stopped in each layer.
Further studies on the design for AM of the iro3d SPD should be carried out. In the future,
aligned with other AM glass applications, geometrically complex glass parts obtained with
the iro3d could be incorporated in products such as scaffolds for biomedical applications,
ornaments, or electric insulators, if current limitations are overcome.

Even if results denote that manufacturing is still far from reaching its full capabilities,
this work proves that the iro3d has the potential to be material agnostic and produce parts
using glass and other recycled powders. Naturally, it will be important to evaluate energy
usage and efficiency when producing ceramic parts to infer their applicability to end-use
parts. For now, quantifying the amount of used energy per part produced is still difficult
since it depends on the number of parts produced, their volume and placement inside the
crucible, crucible dimensions, and the thermal source used, among others. In addition,
the need to have exigent powder parameters such as a spherical shape, a specific particle
size, and PSD to promote proper flowability in the pourers might significantly increase
the energy consumption and costs of the process. In some cases, if the recovered powder
materials, such as glass, require an additional spherization stage, process applicability and
sustainability prospects might be partially compromised.

In future work, the authors also suggest developing a mechanism, conceptually similar
to the addition of sand, to control the shrinking of parts, without compromising their
mechanical resistance. In addition, when evaluating the shrinkage, the use of a single
PSD should be tested since fine and rough glass powders can certainly impact the results.
Last, by being adequate to process recycled powders, the iro3d might help to promote the
circularity of the used materials. In line with this, the authors consider that the assessment
of energy consumption, sustainability performance, and cost structure are fundamental
future research paths to promote the application of the process in the manufacturing of
functional components.
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