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Abstract: A novel approach for manufacturing porous materials, foreseen as solar receivers for
concentrated sun radiation, used in the power tower technology is presented. In such applications,
materials are subjected to steep thermal gradients and thousands of cycles. Yet, materials consisting
of honeycombs and ceramic foams showed insufficient thermal performance. By using the fused
filament fabrication process, one can design printed parts meeting the requirements for solar receivers,
namely dark color and high solar absorptance. This exploratory study unveils data on the retained
crushing strength of newly developed 3D-printed porous Black Zirconia cubes after thermal cycling
under similar conditions to those experienced by volumetric receivers and catalyst substrates for
solar fuels (H, and/or CO) production via the thermochemical cycle. Unlike dense ceramics, the
resistance to thermal shock of 3D-printed cubes underwent a gradual decrease with the increase in
the thermal gradient. The thermal shock cycles were performed between 800 °C and 1100, 1200, and
1300 °C, corresponding to a AT of 300, 400, and 500 K, respectively. Additionally, water quenching
tests were performed at AT = 300 K up to 400 K. Crushing strength measurements carried out to
evaluate the retained mechanical strength after exposure up to 100 cycles showed that the Black
Zirconia cubes can withstand thermal gradients up to at least 400 K.

Keywords: 3D printing; fused filament fabrication; black zirconia; thermal shock; crushing strength;
solar receiver; additive manufacturing

1. Introduction

Technological development of key components for green electricity production in solar
power tower plants requires high-temperature resistance materials capable of operating
under stringent conditions for long periods. Several pilot—plant feasibility studies have
shown that porous ceramics are attracting special attention among potential candidates.
Typically, high-porosity materials, such as ceramic foams and honeycombs, are used in
tower technology to convert solar concentrated radiation into heat [1-8]. A 2.5 MWth air
receiver facility—jointly developed and operated by CIEMAT-PSA and Deutsches Zentrum
fiir Luft- und Raumfahrt e.V., abbreviated DLR—consisting of an air recirculation loop
and thermal storage, and a steam generator was assembled on the top of the CESA-1
tower in 1991 [9]. The volumetric receiver outlet temperature reached 700 °C with peak
flux densities of 800 kW m ™2 within 20 min after a cold start [10]. More recently, a 5 kW
solar receiver prototype proved to deliver air flows at temperatures exceeding 1000 °C
using 10 ppi (pores per inch) siliconized silicon carbide foams at the solar high flux solar
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simulator of the Eidgendssische Technische Hochschule (ETH), Ziirich, Switzerland [11].
However, few data are available in the open literature regarding the performance of
such porous materials under direct exposure to concentrated solar beams. The present
research work aims to evaluate the damage imposed on developed 3D-printed porous Black
Zirconia under drastic thermal shock conditions, replicating those experienced by solar
open volumetric air receivers. Unlike components made from white zirconia, using black
zirconia is expected to improve the solar radiation absorptance of the exposed receivers.
To this end, an experimental setup, developed in 2016 in collaboration with CIEMAT-PSA,
was employed, which includes a guillotine system, a secondary concentrator (termed
homogenizer), and a temperature control system, allowing the performance of thermal
shock cycles, which cannot be achieved in conventional electrical or gas furnaces [12]. In
this study, the thermal resistance of a new absorber was assessed by thermal cycling under
well-established conditions using the renewed SF60 solar furnace with a power output of
60 kW. Commonly termed 3D printing, additive manufacturing (AM) is the diversity of
computer-controlled technologies that create three-dimensional objects by superimposing
materials layer by layer. These technologies are being employed in various application
fields, such as tissue engineering, energy production, microfluidic components, and high
strength-to-weigh applications [13-15]. Among the most acclaimed advantages of additive
manufacturing (AM) technologies are their design flexibility, the ability to re-imagine and
produce tailored functionalities and material arrangements, and the potential for waste
minimization [16]. AM demonstrates high versatility in both its production capabilities
and the range of process families it encompasses. Among all the available processes, fused
filament fabrication (FFF) is regarded as one of the most accessible, variable, and cost-
effective AM techniques for processing polymer and polymer composite materials [17,18].
In FFE, an extrusion head system is attached to a carriage, where a thermoplastic material
is heated to a semi-molten state and selectively deposited onto a build platform [17,19].

Ceramics have high hardness and brittleness, making them difficult to machine with-
out generating internal and surface defects [20]. Moreover, ceramic machining is commonly
very expensive. According to Klocke’s estimation [21], it can account for more than 70%
of component costs. Ceramics made by AM are regarded as an alternative for produc-
ing geometrically complex structures of such brittle and challenging materials to work
with [22]. Additively manufactured ceramics have been used to produce tailor-made parts
for numerous applications, such as impellers for the aerospace sector, dental crowns and
prosthetics for the medical field, or heat exchangers and thermal insulators for the energy
sector [23,24]. Even so, there are still challenges to overcome, namely the optimization of
processing parameters that guarantee high-density parts with few defects and adequate
mechanical performance.

Several AM processes such as selective laser sintering, digital light processing, or
binder jetting have been used to process ceramic parts, but the process simplicity of FFF of
ceramic polymer materials has seen recent developments and has been gaining increased
attention from both industry and academia [25,26].

Some of the limiting factors of FFF ceramics are related to geometrical defects and
minimum feature size, as well as the need for prolonged thermal cycles to prevent defects,
such as cracks and blisters, resulting from trapped pyrolysis products. The available
literature on ceramics produced with FFF is mostly focused on the production stages
of both alumina and zirconia parts and their mechanical properties [27-30]. To address
these challenges, extensive research has been conducted on filament composition and
preparation [31,32].

Reports on the mechanical characterization of FFF ceramics are still scarce, with
component properties being very variable, which is common in newly developed FFF
variants [33-35]. Cano et al. [36] evaluated the influence of infill orientation on both the
generated defects and the three-point bending strength of FFF zirconia specimens. Among
the identified defects affecting the results, pores within extrusion paths were correlated
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with binder parameters, and the variability of extrusion width led to geometric defects in
the final components.

The determination of the thermal shock resistance of advanced ceramics by water
quenching is based on the rapid heat transfer of a test specimen at an elevated tempera-
ture in a distilled water bath at room temperature. The specimens are kept at a soaking
temperature (ranging from 320 to 420 °C, in the present case) for 1 h before quenching,
for comparison purposes. Damage was assessed by determining the retained crushing
strength after quenching tests at various temperature differences, AT, which is defined as
the soaking temperature of the test specimen minus the temperature of the bath, and is
set at 20 °C. For quantitative purposes, a critical temperature interval (AT,) is set when a
reduction in the mean retained strength of at least 30% is recorded.

The goal of the present work was to determine the thermal shock resistance of
3D-printed cubes caused by cumulative damage imposed on the materials directly exposed
to a concentrated solar beam. The thermal shock cycles were carried out at temperatures
ranging from 800 °C to 1300 °C, corresponding to a maximum AT = 500 K. The effect of
both AT and the number of cycles on the retained crushing strength will be discussed. The
difference in thermal resistance between samples exposed to solar radiation and water
quenched shall be highlighted. The results show that the developed 3D-printed cubes
based on Black Zirconia can withstand thermal shock without considerable damage for AT
up to 400 K for 50 cycles.

2. Materials and Methods
2.1. 3D Printing

The 3D-printed samples were obtained through FFF using the 3 mol% Y,O3-stabilized
Zetamix Black Zirconia (YSZ) ceramic-based filament developed by Nanoe®. According
to the manufacturer, it is composed of roughly 50 vol% of fine ceramic particles (<1.0 pm)
dispersed into a thermoplastic-based binder. A noticeable difference between Black and
White Zirconia is the cobalt iron oxide (Co, Fe),O4 added to its chemical composition,
giving the material a dark color. According to the material’s manufacturer, Black Zirconia
will display slightly lower mechanical strength when compared with its White counterpart,
with the final ceramic bodies having a minimum bending strength of 400 MPa [37]. Its
usability is more demanding in the 3D printing production stage than most FFF thermo-
plastic processing. There is still a scarcity of publicly available information on fabricating
3D-printed Black Zirconia parts, although detailed instructions and other properties of the
filament can be found in its datasheet and production guidelines [38].

After printing the polymer ceramic mixture, the polymer binder must be removed,
which involves two debinding steps. The first is a chemical debinding, which removes most
of the polymeric mixture, and the second is a thermal debinding, which slowly removes
the remaining polymer. For the chemical debinding, the green parts were immersed in an
acetone bath at 40 °C for 2 h, as this process stage aims at removing most of the binding
material, which corresponds to a weight loss of approximately 5% in weight after drying.
The thermal debinding was then performed at around 500 °C, lasting up to 30 h. The
production process was completed by sintering the green cubes in a MoSi, heating element
electric furnace at 1500 °C with a holding time of 1.5 h using a heating rate equal to the
cooling one set at 5 °C min~! and reaching a total of 10 h. The scheme shown in Figure 1
highlights the steps required for producing Black Zirconia parts, from the modeling of the
samples to the final sintering stage.
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Figure 1. Scheme of the 3D-printing process used.

The machine used to produce the green cubes was a Raise3D dual extruder Pro 2
printer (Figure 2a). The machine has a direct drive extrusion system on which a wear-
resistant nozzle was mounted. The slicer software used to prepare the print files was
IdeaMaker 4.2.3.

Figure 2. Raise3D Pro2 3D printer (a) and green parts after debinding (b).

Figure 2b shows the gyroid cuboid samples, produced by FFF, measuring 16.4 & 0.4 mm
on each side. The gyroid cellular structure, inspired by nature, which composes the final
samples is obtained using the slicer software infill function. Specimens were made with a
25% gyroid infill with three perimeters and no top and bottom layers. The gyroid is a triply
periodic minimal surface type structure. This geometry was selected due to its unique
characteristics, such as both high surface area and specific mechanical properties, as well as
the ability to divide space into continuous channels.

The geometric measurements of the cubes were performed using a Dino-Lite digital
microscope coupled with DinoCapture 2.0 measurement software. For each case, samples
were chosen and surface measurements in three different locations were taken, as can be
seen in Figure 3a,b. Each dimension was measured 5 times.
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Figure 3. Top view of the cubes after printing (a) and sintering (b).

After sintering, the measured linear shrinkage was around 19% (Figure 4). For this
reason, an equivalent scale factor was considered during the cubes’ design and modeling
stages of the components. After sintering, the measured mean value of the cube’s edges
was 13.1 &+ 0.6 mm, and 38 cuboid samples were produced.

Figure 4. Top view of 3D printed parts before (a) and after sintering (b).

2.2. Thermal Shock Testing

The thermal shock tests were performed at renewed SF60 [39]. This furnace consists
of a flat heliostat, a parabolic concentrator, and a 45° tilted mirror, turning the horizontal
optical beam onto a vertical one incident to the sample’s holder. The radiant energy was
controlled by the angular motion of the shutter slats. An octagonal-shaped secondary
concentrator, called a homogenizer, was used to enable a more uniform temperature
distribution over all the exposed samples (Figure 5a). The thermal shock cycles were
performed using a computer-controlled guillotine system (Figure 5a,b).

Temperature measurements were carried out by a B-type thermocouple placed un-
derneath a flat Black Zirconia plate placed in the middle of the sample holder (control
temperature, Figure 5c), together with eight K-type thermocouples placed in touch with
the bottom surface of the exposed samples (Figure 5d).

Five thermal shock cycles were undertaken at temperatures ranging from 800 to
1300 °C, corresponding to AT of 300, 400, and 500 K. The number of cycles was set at 25, 50,
and 100.
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Figure 5. Experimental setup of the guillotine system set on the power ON position (a) and power OFF
position (b), top view of samples (c), and scheme of the B- and K-type thermocouples positioning (d).

Some of the thermal cycles performed are shown in Figure 6. For each test, the
guillotine’s on/off cycles were set in a dedicated LabView software, depending on the
actual heating and cooling times. For instance, heating time was set at 40 s, whereas cooling
time ranged from 28 s to 45 s for AT = 300 K and 500 K, respectively. Cooling was carried
out under natural conditions.

Thermal shock experiments were also carried out by water quenching followed by
measurement of the retained crushing strength, for comparison purposes. The samples
were heated at temperatures of 320, 370, and 420 °C. After a dwell time of 60 min, the
samples were dipped in water at 20 °C for less than 5 s, corresponding to AT of 300, 350,
and 400 K, respectively.

2.3. Crushing Testing

The crushing tests were conducted on a mechanical testing machine (Model 4302
Instron Corporation, Canton, MA, USA) using a 10 kN load cell. Closing of the flat steel
plates was set at a crosshead speed of 0.5 mm min~! and room temperature [40]. The
specimens’ cross-sectional areas and the point in the chart curve where a change in slope
was observed (inset in Figure 7) were used to determine the value of the nominal load
required to calculate the “crushing strength” for each sample. As the surfaces of the
samples were not entirely parallel, a compliant 1 mm thick rubber spacer was employed
in between the steel plates and the specimens to ensure uniform loading. Four specimens
were evaluated in every condition.
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Figure 6. Temperature profiles for AT = 300 K (25 + 25 + 50 cycles) using a B-type thermocouple (a)
and AT =500 K (50 cycles) using B-type and K-type thermocouples (b).

3. Results and Discussion
3.1. Materials Characterization
The measured density (Archimedes method) of the 3D-printed Black Zirconia walls
was 6.0 & 0.1 Mg m 3. The core density of the cubes was calculated as 1.4 + 0.1 Mg m~3,
which corresponds to a porosity (P) of around 77%, bearing in mind that P =1 — (1.4/6.0).
The geometric dimensions of the cubes are listed in Table 1.

Table 1. Mean geometric dimensions (in mm) of the 3D-printed cubes.

After Printing After Sintering Shrinkage (%)
Wall thickness 0.95 £ 0.05 0.76 £ 0.06 20
Strut thickness 0.51 £0.04 0.41 £ 0.05 20

Distance between struts 1.53 + 0.04 1.21 +0.04 21
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3.2. Thermal Shock Behaviour

Typical crushing strength versus strain curves are shown in Figure 7.
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Figure 7. Crushing strength-strain curves for as-sintered (a) and AT = 300 K, 25 cycles (b), 50 cycles (c),
and 100 cycles (d).

The slope increases with increasing strain until a macrocrack starts propagating,
which alters the shape of the curve. Therefore, the value where the slope changed was
considered as the rupture strength, as illustrated in the inset in Figure 7a. Following an
initial onset related to the adjustment, the strength increased more or less in a linear way,
as often observed when testing brittle ceramics under tension. The as-sintered crushing
strength of the cubes (~35 MPa, see Table 1) is slightly higher than the reported values for
silicon carbide foams with a similar total porosity (~75%), typically in the range of 17 to
22 MPa [41,42], which are commonly used as potential candidates for solar receivers.

The mean values of rupture strength (o) are listed in Table 2.

Table 2. Strength data for the various testing conditions.

T Range (°C) AT (K) No. Cycles oc = SD (MPa)
- - - 3534221
800-1100 300 25 32.0+2.3
800-1100 300 50 254+ 2.6
800-1100 300 100 242 4+ 1.5
800-1200 400 50 21.3+2.7
800-1300 500 50 57+1.6
Water quenching
20-320 300 1 335+ 1.6
20-370 350 1 293+ 1.9
20-420 400 1 234 +23

I As-sintered.

For AT =300 K, the retained strength decreased with the increase in the number of
cycles, although a small variation was observed from 50 to 100 cycles. A drop of about
10% was observed for AT =300 K after 25 cycles. In turn, a total drop of o of about 31%
was determined for 100 cycles. Comparing the data obtained for samples subjected to
water quenching, no significant difference in crushing strength is noticed, suggesting that
the degree of degradation is closely related to the stresses generated by sudden changes
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in temperature during the initial thermal cycle, inducing flaws that propagate at a small
pace. This would suggest that after the initial damage imposed onto the material, it holds
subsequent cycles with little deterioration.

By increasing the AT from 300 to 400 K (50 cycles), the resulting o.s decreased by about
16%. In total, a drop of around 40% was recorded. This is also in good agreement with data
obtained for water quenching under the same temperature difference. According to the
ASTM C 1525-04 standard [43], AT, is determined by a reduction in the mean strength of at
least 30%. This occurred for AT = 300 K after 100 cycles. When AT was further increased
to 500 K (50 cycles), some macrocracks were visible, and a significant drop (up to 85%) in
crushing resistance occurred. Therefore, the maximum thermal stresses that these cubes
can withstand fall in the range of 300 to 400 K, depending on the number of thermal cycles.
Such a result is in good agreement with data presented by Fargas et al. [44], who showed
that no crack propagation was detected in Y-TZP until AT was close to 370 °C for a crack
generated with an indentation load of 300 N; Riyad et al. obtained similar results [45]. The
results gathered in the present work are better than anticipated given the relatively poor
thermal shock resistance associated with the moderate Ky, (~4 MPa m'/2) [46] and the high
thermal expansion coefficient (10.5 x 107 K in the range of 298 to 1273 K) [47] of YSZ. Still,
the o values of samples exposed to AT =400 K for 50 cycles (~21 MPa) are within the
range of as-received SiC foams with similar porosity [41,42]. In addition, considering data
shown in Figure 6, the difference in temperature between the top and bottom surfaces is
around 300 K for AT = 500 K, decreasing to 250 K for AT = 300 K due to the YSZ low thermal
conductivity (3.2 to 2.5 W m~ ' K~ from 298 to 873 K, respectively) [48]. For the same AT,
this might explain the fact that the retained crushing strength of the solar-exposed samples
is slightly lower than the water-quenched ones. On the other hand, the decrease in density
of the 3D-printed cubes ought to increase thermal shock resistance, which also dependent
on pore structure, with the extent of damage decreasing with an increase in pore size [49].
Unlike dense ceramic specimens, ceramic foams are less prone to damage produced by
thermal shock stresses. Their retained strengths decrease gradually with increasing AT, as
also observed in the present study [50]. The thermal shock resistance of such 3D-printed
Black Zirconia is dependent on the shape and pore size, density, elastic modulus, strength,
thermal expansion coefficient, and thermal conductivity. Future work will address the
influence of these parameters on improving the thermal behavior of 3D-printed parts.

4. Conclusions
The following conclusions can be drawn from the present work:

(a) The fabrication of 3D-printed highly porous (~77%) Black Zirconia cubes by fused
filament fabrication for use in solar receivers was demonstrated. The manufactured
specimens were easy to shape and handle.

(b) Starting with the description of the entire fabrication process, the thermal cycling
experimental setup suitable for testing these cubes under well-controlled thermal
shock conditions by direct exposure to solar radiation was accomplished.

(c) After the thermal cycles, the exposed cubes retained at least 60% of their initial
crushing strength at room temperature for AT up to 400 K and 50 cycles.

(d) The prepared cubes showed compressive strengths suitable for solar receiver applica-
tions (up to 35 MPa) due to the selected geometry.
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