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Abstract

Direct ink writing (DIW) offers cost-effective fabrication of intricate ceramic structures. However, the
mechanical properties (reliability) of DIW-obtained components have been inadequate for structural
applications. This study aimed to improve mechanical properties of DIW alumina-toughened zirconia
(ATZ) composite filaments with and without carbon nanofibers (CNFs). Optimized debinding and
sintering conditions were determined for Conventional Sintering (CS) and Spark Plasma Sintering
(SPS). The influence of nozzle diameter, CNF content and sintering method on the fracture strain,
Young’s modulus, flexural strength and Weibull modulus was carefully assessed via correlation
analyses. CNFs, although intended to enhance properties, were often agglomerated, which negatively
affected mechanical properties. Smaller nozzle diameters enhanced Young’'s modulus, with CS-
sintered ATZ filaments showing transformation-induced plasticity (TRIP). Mechanical properties
rivaled or surpassed those of conventional techniques (e.g., cold isostatic pressing, slip casting) with a
good level of mechanical reliability achieved. Overall, DIW showed promise for ceramic materials,
particularly ductile Ce-TZP-based composites.

Keywords:
alumina-toughened zirconia; carbon nanofibers; direct ink writing; additive manufacturing;
mechanical reliability.
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1. Introduction

Ceria-stabilized zirconia stands out as one of the most interesting ceramic materials in the field of
biomedical applications. Its notable advantage arises from a stress-induced phase transformation,
shifting from a tetragonal (t) to a monoclinic (m) phase. This transition brings about a significant
volumetric expansion of ~4%, effectively impeding the propagation of cracks. Consequently, this
mechanism greatly enhances the strength and toughness of tetragonal zirconia polycrystals (TZP) [1].
Another material that capitalizes on this stress-induced phase transformation is yttria-stabilized
zirconia (Y-TZP). Ceria-stabilized zirconia (Ce-TZP) and Y-TZP are the most used materials among the
TZP systems.

When comparing the two, Y-TZP demonstrates remarkable strength (800-1200 MPa) and a moderate
level of toughness (~6 MPa-vVm). In contrast, Ce-TZP typically exhibits extraordinarily high toughness
(up to 15-20 MPa-Vm) but limited strength (< 600 MPa). The latter arises from the challenge of
producing dense Ce-TZP materials with small grain sizes (< 0.5 pum) [2], as the mobility of grain
boundaries during sintering is considerably greater in Ce-TZP compared to Y-TZP [3]. Moreover, Ce-
TZP ceramics display significantly reduced susceptibility to aging when compared to Y-TZP, owing to
the presence of a tetravalent ion (Ce*+) as the stabilizer. In addition, due to the exceptional
transformability of Ce-TZP, notable non-linear, permanent ("plastic") deformation is observable
before failure, with the most pronounced pseudoplastic/non-linear behavior among ceramic materials
[4-8].

Consequently, significant research efforts have been directed toward incorporating an immiscible
secondary phase to immobilize the grain boundaries and control grain growth within Ce-TZP [3,9,10].
Among these second-phase materials, alumina is by far the most explored. Various studies have
developed Ce-TZP/Al;03 composites [11-14], in which the addition of alumina demonstrated
improvements in hardness, Young's modulus and fracture strength. However, it was noted that an
increase in alumina content corresponded to a reduction in fracture toughness, aligning with the
decrease in transformability. This type of material comprising zirconia and alumina (at higher and
lower contents, respectively) is usually referred to as alumina-toughened zirconia (ATZ).

To further improve the mechanical properties, the introduction of elongated third-phase materials has
been suggested. These elongated phases offer the potential to help hinder the growth of zirconia grains
and further enhance toughness through mechanisms such as bridging and crack deflection [15-19].
Among the explored candidates for third-phase integration are strontium aluminate platelets (more
specifically strontium hexaaluminate, SrAli2019), initially investigated by Cutler et al. [6,7]. Their
incorporation resulted in improved toughness and strength via crack branching and bridging
mechanisms. However, it's worth noting that the composite with three phases also exhibited a reduced
level of transformability in comparison to pure Ce-TZP ceramics. More recent investigations have been
performed on this composition of three-phase composites [9,10,20]. Specifically, they have focused on
10.0-11.5Ce-TZP/Al;03/SrAl12019 composites with a volume ratio of 84/8/8. This particular
configuration of Al;03 and SrAl12019 contents at 8 vol% was determined to yield the most refined
microstructures post-sintering [9]. Notably, these composites demonstrated remarkable strength (> 1
GPa) and toughness (> 10 MPa'\/m), accompanied by an exceptional flaw tolerance, resulting in a
notably high Weibull modulus (m = 60) [20]. Given these favorable mechanical properties, the three-
phase composite system (11Ce-TZP/Al,03/SrAl12,019) with a volume ratio of 84/8/8 was selected for
utilization in the present study.

In terms of processing methods, in recent years, additive manufacturing (AM) has gained significant
attention and experienced rapid development. AM, also known as 3D printing, is a set of manufacturing
techniques that construct computer-generated models by adding materials, typically layer by layer. It
enables the production of complex geometries without the need for micromachining processes or
costly molds. The utilization of AM technologies offers several distinct advantages, including rapid
prototyping, predictable production, reduced assembly requirements, design flexibility, and the ability
to meet specific customer requirements. Consequently, it has emerged as an attractive alternative to
conventional manufacturing processes across various fields, including ceramics [21,22] - a field where
traditional processing methods are limited by the need for special equipment and tooling as well as by
the complexity of the molds.

V. Inés dos Santos et al. J. Eur. Ceram Soc. 2024 2



There are diverse AM techniques available for fabricating ceramic structures, such as
stereolithography (SLA), selective laser sintering (SLS), fused deposition modeling (FDM), inkjet
printing, binder jet and direct ink writing (DIW or robocasting) [23-25]. Among these techniques, DIW
stands out as a simple, emerging, cost-effective, environmentally friendly and rapid fabrication
method. It enables the direct production of net or near-net complex-shaped ceramic structures with
self-supporting properties and high aspect ratios by the extrusion of a paste through a printing nozzle.
Nevertheless, the mechanical properties of ceramic materials produced through DIW require further
improvements, particularly concerning their mechanical reliability, often expressed through Weibull
modulus (m) values. To achieve better mechanical properties, this study suggests the incorporation of
oriented carbon nanofibers (CNFs). This orientation would be possible by the shear stresses from the
process of nozzle reduction during DIW printing (Figure 1)

Figure 1. Schematic representation of the direct ink writing
process and the orientation of elongated phases promoted by
it. T: shear stress.

Carbon nanofibers exhibit exceptional mechanical properties, elevated electrical and thermal
conductivity and a remarkable strength-to-weight ratio [26]. Their incorporation has demonstrated
enhancements in compressive strength, flexural strength, Young's modulus and fracture toughness
[27-30]. By strategically orienting them in a specific direction, it is expected that these improvements
could be further amplified through mechanisms such as microcrack bridging and crack deflection. Still,
some challenges arise when adding carbon nanofibers to a ceramic matrix. These encompass the
achievement of a homogeneous dispersion of the CNFs, their orientation during DIW printing and the
sintering of the obtained component. To address the first, two methods were employed in this study:
a deflocculant was added to the printing paste and a high-speed mixing technique was applied to the
production procedure of the paste. The latter is a method that has already been utilized to achieve a
homogeneous dispersion of CNFs in pastes for DIW [31].

Considering the orientation, this behavior observed in DIW happens as non-equiaxed particles tend to
rotate and align themselves parallel to the shear direction under shear stresses [32]. This orientation
phenomenon has been documented in DIW studies involving various materials, such as alumina
particles [33], platelets [34], carbon nanofibers [31,35-37] and graphene nanoplatelets (GNP) [38].
According to Folgar-Tucker [32], the factors that affect these particles’ orientation are the particles’
shape (length/diameter ratio), interactions between these particles (particles’ solid loading) and shear
rate and time. The shear rate applied to the paste, particularly, is influenced by the nozzle diameter.
This influence of the nozzle diameter on the maximum shear rate induced by the nozzle (yYpax) is
depicted in Eq. (1):

Ymax = % (1)

Where Q is the printing speed in mm/s (10 mm/s in this study) and D is the nozzle diameter in mm.
As so, in this study, the nozzle diameter was assessed in terms of its influence on the orientation of the
CNFs and the mechanical properties achieved.
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Sintering with CNFs inside a ceramic also poses a significant challenge, because of the thermal
decomposition of the CNFs in the presence of oxygen. The thermal stability and decomposition
behavior of carbon nanofibers are the subject of ongoing research and the exact decomposition
temperature range can differ based on the specific type of nanofibers, their structural properties,
impurities, catalyst residues and surface functionalization. Nevertheless, there have been studies that
have reported the thermal decomposition of the CNFs from 480-550 °C [39]. To address these
difficulties and maintain the structural integrity of CNF materials while achieving sintering at reduced
temperatures or shorter timeframes, the Spark Plasma Sintering (SPS) technique has been proven
advantageous [40]. This method's high heating rate facilitates rapid completion of the sintering
process, thereby minimizing potential damage to the CNF structures. To assess the impact of the
process of SPS, a control group was established by conducting conventional sintering (CS).

Summarizing, this study aimed to improve the mechanical properties of ATZ composites by the
addition of oriented CNFs. For that, the influence of CNF content, nozzle diameter and sintering method
on the mechanical properties was evaluated. Processes that influence the final mechanical properties
such as debinding and sintering were also carefully studied to reduce the likelihood of defects and
ensure smaller grain sizes.

2. Materials and methods

2.1 Materials

The ATZ powder used in this study consists of 84 vol% Ce-TZP (11.0 mol% Ce), 8 vol% Al;03, and 8
vol% SrAl12019, which was obtained from Doceram® under the trade name "EvoCera®" in the form of
a spray-dried powder. For deflocculation purposes, Darvan® 821-A from RT Vanderbilt® was
employed, while Pluronic® F-127 from Sigma-Aldrich® served as the binder. The carbon nanofibers
used in the experiments were Pyrograf®-III PR-19-PS and had diameters of 100-200 nm and lengths
0of 30-100 pm.

2.2 Methods

2.2.1 Preparation of the suspensions

The preparation of the pastes depicted in Figure 2 was carried out as follows. All mixing procedures
were conducted in a SpeedMixer DAC 600 Hauschild® under a vacuum of 30 mBar, employing cycles
of 800 rpm for 90 s, followed by 1500 rpm for 90 s. Initially, the deflocculant and deionized water were
combined and zirconia mixing balls measuring 1 and 2 mm were introduced to facilitate the mixing
process. Then, the binder was added and another round of mixing was performed. Subsequently, each
mixing step was alternated with a cooling step of 10 min in a refrigerator at 4 °C. Once the binder was
uniformly blended with the other components, the ATZ powder was introduced. Ten rounds of mixing
and cooling were carried out to ensure optimal homogeneity. In cases where carbon nanofibers were
included in the paste, they were added after the ATZ powder, followed by an additional ten cycles of
mixing and cooling. Once the paste achieved homogeneity, the mixing balls were separated using a
sieve. Before printing, the suspensions were put inside 5 mL syringes with a subsequent centrifugation
step at 3000 rpm for 12 min to remove any bubbles.

Four groups were prepared with three different compositions that were later sintered either by
conventional sintering (CS) or spark plasma sintering (SPS). The composition and sintering method of
the groups evaluated in this study are displayed in Table 1.
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Table 1. The four groups evaluated, their composition and sintering approach. (T): in relation to the total; (S): in relation to the
solids (ATZ + CNFs); (L): in relation to the liquids (deionized water + Darvan); CS: conventional sintering; SPS: spark plasma
sintering.

Darvan® Pluronic® Deionized Sintering
821A F-127 water method

CS-ATZ 30 vol% (T) - 1LOwt% (S) 25wt% (L)  Remaining cs
quantity

SPS-ATZ 30 vol% (T) - 1.0wt% (S) 25wt% (L)  Remaining SPS
quantity

SPS0.5 30vol% (T) O05Wt%  10wt%(S) 25wt% (L)  Remaining SPS
(S) quantity

SPS2 30vol% (T) 20Wt%  10wt%(S) 25wt% (L)  Remaining SPS
(S) quantity

2.2.2 Obtention of the filaments

The filaments were printed via the Direct Ink Writing (DIW) method using a robocasting manufactured
by 3D INKS, LLC® (Tulsa, USA) with nozzles of diameters of 200, 250, 410, 580 or 840 pm (Nordson®,
Figure 3(a)). The printing procedure took place in an enclosure with 25 °C of temperature and 95% of
humidity. The filaments were deposited on a glass plate on top of which a fine layer of coconut oil was
previously applied to facilitate the detachment of the filaments. The printing speed utilized was 10
mm/s. For the nozzle diameters of 200, 250, 410, 580 and 840 um, the nozzle offset (distance between
the end of the nozzle and printing plate) was 230 (115%), 270 (108%), 450 (110%), 650 (112%) and
900 pm (107%), respectively. The printing pattern was a zig-zag (Figure 3(b)) leading to 25 mm long
filaments (Figure 3(c)).
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Figure 3. (a) The different nozzles used in this study with
: their corresponding diameters and obtained filaments. The
d color of the nozzles was utilized for the graphs of the
filaments that were printed with each specific nozzle (gray
b c for 200 um, red for 250 um, blue for 410 um, pink for 580
um and green for 840 um). (b) Zig-zag printing pattern
after printing and (c) after drying and cutting out the
curves/edges.

The filaments, still on the glass plate, were dried in a climatic chamber (Weisstechnik® WKL 34/+10)
at 25 °C (relative humidity of 95% for 2 h, then decreased to 30% over 60 h). After the drying process,
the curves/edges of the zig-zag pattern were cut out with a cutter, the glass plate was heated to 30 °C
on a hot plate to melt the coconut oil and the filaments were detached from the glass plate with the aid
of a razor blade. Subsequentially, the filaments were placed in alumina crucibles (Figure S 1-
Supplementary Material) and stored in a box with 30% relative humidity. After the debinding process,
the filaments became extremely fragile (particularly those with smaller diameters) and any attempt to
handle them directly would inevitably lead to breakage. Hence, the placement of the filaments inside
crucibles was an essential procedure to ensure their protection due to the requirement to transfer
them between the debinding and sintering furnaces.

2.2.3 Debinding study

The optimal debinding condition was determined by thermogravimetric analyses (TGA, SETARAM®)
in an Argon atmosphere with a heating rate of 10 °C/min and a cooling rate of 30 °C/min. The samples
were placed in an alumina crucible suitable for the equipment, on which a blank analysis was
conducted. The resulting curve from this blank analysis was subtracted from the curves obtained
during the analysis of the materials.

Two types of materials were examined: ATZ powder and small fragments of printed and dried
filaments of ATZ with a 2.0 wt% content of carbon nanofibers (CNFs). The overall mass losses were
evaluated up to 1300 °C with no plateau. Isotherms were also performed at 350°C and 400 °C with a 3
h plateau. The dried filament of ATZ with 2 wt% of CNFs had a nominal composition of 0.89 wt% of
Darvan® 821A, 9.55 wt% of Pluronic® F-127, 1.80 wt% of CNFs and 87.76 wt% of ATZ powder. It is
worth noting that small amounts of a polymer may be present in the ATZ powder as a result of its
addition during the powder mixing process in an aqueous solution, followed by spray-drying.
According to its datasheet, the Darvan has a boiling point of ~100 °C, hence should decompose around
this temperature. According to the literature, the CNFs decompose approximately at 480-550 °C [39]
(the exact temperature range is still debatable) and the Pluronic® F-127 decomposes between 200
and 400 °C (in nitrogen) [41].
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2.2.4 Sintering study

The filaments utilized in this evaluation were previously debinded at 400 °C for 30 min. For this part
of the study, filaments of 840 um in diameter were either sintered by conventional sintering (CS) or
by Spark Plasma Sintering (SPS). For the CS, only ATZ filaments (no CNFs) were sintered whereas, for
the SPS, filaments with and without CNFs were sintered for comparison. To determine the optimal
sintering temperature, the filaments were sintered by CS in a Pyrox® chamber furnace at 1350, 1400,
1450, 1500 or 1550°C, with a heating rate of 2.5 °C/min, cooling rate of 5 °C/min and a 1 h plateau. For
the filaments sintered by SPS, the temperatures of 1350, 1400 and 1450°C were investigated
(secondary vacuum, heating rate of 100 °C/min and 1 h plateau, furnace HP D25 from FCT®), without
applied pressure (Figure S 2- Supplementary Material). The results of the sintering process were
evaluated by density measurements and SEM images (Thermofischer® QuattroS equipment).

The density of the sintered filaments was determined via Archimedes’ method (Eq. (2)) utilizing
deionized water as the liquid phase. In the equation, psample is the measured density of the sintered
filament, mgry is the mass of the dry sample, muwe is the mass of the wet sample, Msybmerged is the mass
of the sample submerged in the liquid and piiquia is the density of the liquid.

Psample = mwet_::l?l;merged * Pliquid (2)

The relative density was calculated by the ratio of the measured density of the sample to the theoretical
density calculated with the following values: the theoretical density of the ATZ powder considered was
5.8404 g/cm3 and that of the CNFs was 2.16 g/cm3. The value of relative density had an associated
measurement uncertainty of +2% linked to the precision of the scale utilized (0.0001 g) and the very
low weight of the filaments (0.0147-0.0221 g).

2.2.5 Mechanical study under flexion of filaments

The printed filaments were mechanically characterized by 3-point flexural tests in a BOSE EF3200
multi-test machine with a 20 N force cell, displacement sensor LVDT (linear variable differential
transformer) with 50 nm displacement resolution and 15 mm lower span distance (Figure 4(a)). For
the samples utilized in this test, the CS process was done at 1500 °C for 1 h, whereas the SPS process
was performed at 1400 °C for 1 h. The evaluated groups were the same as those displayed in Table 1
(CS-ATZ, SPS-ATZ, SPS0.5 and SPS2) and, in each group, 30 filaments were tested.
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a Ofracture ]
d 7
/
/1
f%
,,,,,,,,,,,,,,,,,,, y -
Oyield 7
%= /
o /I
£ 5= 01 7
) /
7] /
2 i
5 e /
A d= ’/’ tracture
! .
/ ey
/ ) !
Eyie\d Enon-linear Efracture-
= Deformation (%)

Figure 4 (a) 3-point bending device utilized for the mechanical evaluations. (b) Optical microscopy image of the cross-section of
a printed filament and (c) schematic representation of the diameter (D) and dimensions A and B used for the calculation of the
quadratic moment. (d) Schematic illustration of how the characteristic values were obtained from the stress vs. deformation
curves.
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The stress-strain curves were deduced from the load-displacement curves using the following method.
The stress (o) and strain (€) were calculated from the applied load (F) and displacement (uyx) using Eq.
(3), (4) - Castigliano theorem - and (5):

F-L-x
= (3)
y
L3-F L3-F
Uy = < E= (4)
48-E-1Iy 48-uy-ly
o F-L-x 48-ux-I 12 - ug X
oo Dbx Bl 121 (5)
E 41, L3-F L2

Where L is the length between cylinders (lower span, 15 mm, in this case), E is the Young’s modulus, x
is the distance from the tensile side of the filament to the neutral axis and [y is the quadratic moment.
As the printed filaments have a flat side where they touched the printing substrate, their quadratic
moment is not that of a round filament. Hence, Iy and x were calculated individually for each tested
filament by SolidEdge® after measurements of thickness (dimension A) and height (dimension B) of
each filament by optical microscopy (Figure 4(b) and (c)). The value of Young’s modulus (E) was
directly calculated as the slope of the linear part of the stress-strain curve.

From the stress-strain curves, a few key characteristic mechanical values were defined as shown in
Figure 4(d). Whenever the behavior was not purely linear elastic, the yield stress (oyieid) was defined
as the stress necessary to reach § = 0.1% of plastic deformation, corresponding to a yield strain &yela.
Fracture stress (Ofracure) Was defined as the maximum stress attained before fracture; the
corresponding strain was denoted as &fracture- In addition, a non-linear strain (€non-linear) Was calculated
by removing the elastic part of the strain from the fracture strain (Eq. (6)):

_ Ofracture
€non-linear — Efracture — E (6)

A Weibull analysis was also conducted on each group, utilizing Eq. (7):

1 —or\™
F=1 exp(co) (7)
Where F is the probability of failure (0 < F < 1) under applied stress of, whereas oy is the characteristic
strength of the material. The Weibull modulus (m) was determined by the slope of the curve

In (In (=) vs. In(o9).

In addition, after observing a certain inelastic deformation in the filaments that underwent
conventional sintering, these were tested in flexural cycles. This was done by applying five cycles of
increasing imposed force at regular intervals aiming to achieve the maximum deformation while
avoiding sample breakage (force intervals from 0.3-0.4 to 2.0-4.2 N). Intermediary and larger nozzle
sizes were preferred for the evaluation under flexural cycles to enable a more comprehensive
observation of results with an increased volume of material. In another test, six cycles with the same
imposed force (from 0.37 to 2 N) were applied to study fatigue on the filaments. SEM evaluations of
the filaments' surface were also conducted on conventionally sintered filaments tested under flexion
where the test was stopped right before failure.

2.3 Data analysis

Results were expressed as mean value * standard deviation and were statistically analyzed using ONE-
WAY Analysis of Variance (ANOVA). The influence of the variables CNF content, nozzle diameter and
sintering method was evaluated in relation to the fracture strain and stress and Young’s and Weibull
moduli values by correlation and regression analysis. A correlation was established by a value higher
than |0.25] and differences were considered significant if p-value < 0.05. The percent chance that there
was a true relationship between the variables was calculated by CTR (chance of true relationship) = (1
- p-value) x 100. The 95% interval of confidence of the Weibull modulus was calculated according to
the study of Griggs et al. [42].
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3. Results

3.1 Debinding study

Multiple approaches exist to create an aqueous paste with optimal rheology for DIW to obtain a
ceramic component. Frequently, organic additives are incorporated into the suspensions to facilitate
the preservation of the printed geometry through polymer chain bridging [43-45], an incorporation
that requires a post-printing debinding step - some studies avoid the debinding process by reducing
the volume of organics in the paste composition [46-49]. In this study, in addition to the ATZ powder
and CNFs, a deflocculant (Darvan® 821-A), a binder (Pluronic® F-127) and deionized water
composed the printing paste. Hence, after drying, a debinding study was performed to define the best
condition to remove the organic material without damaging the printed structure. The results of the
TGA analyses of ATZ powder and a dried filament obtained from the paste containing 2 wt.% CNFs are
displayed in Figure 5.
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Figure 5. TGA analyses to determine the debinding temperature. Evolution of the mass with increasing temperature for the (a)
ATZ powder up to 1300 °C and (b) ATZ with 2 wt% of CNFs up to 1300 °C. Evolution of the mass with time for the group of ATZ
with 2 wt% of CNFs when treated at (c) 350 °C for 3 h and (d) 400 °C for 3 h. (e) Evolution of the mass with time for the ATZ
powder treated at 400 °C for 3h. (1.5-column fitting)

The TGA analysis of the ATZ powder (Figure 5(a)) revealed the presence of residual polymer in the
powder, as indicated by a continuous decrease in mass up to 900 °C (followed by a stable mass value
up to 1300 °C). The total mass loss was 2.5%, with values of 1.1% and 1.4% up to 350 °C and 400 °C,
respectively. This mass loss cannot be attributed to any of the ceramic materials present (Ce-TZP, Al,03
and SrAl;;019), as the evaluated temperatures are not sufficiently high to affect them. Hence the
inference that the presence of a polymer caused these reductions.
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Regarding the ATZ with 2.0 wt% of CNFs (Figure 5(b)), a significant mass reduction of 10.0% occurred
around the temperature range of ~350-400 °C. A smaller decrease of 1.4% was further observed up to
900 °C, followed by an additional decrease of 0.7% with further temperature increase. The mass loss
at 350-400 °C is mostly attributed to the decomposition of Pluronic [41]. Although CNFs decompose
in the temperature range of 480-550 °C [39], no CNF decomposition is expected as the analyses were
conducted in an argon atmosphere. The second mass decrease of 1.4% was mostly attributed to the
decomposition of the residual polymer within the ATZ powder (in agreement with the mass loss
observed on the ATZ powder), although the Pluronic may also have contributed. The third decrease
(0.7%, over 900 °C) was likely entirely linked to the decomposition of residual Pluronic. Overall, Figure
5(b) shows no sign of CNF decomposition at high temperatures.

Considering that the extraction of the majority of Pluronic occurs in the range of 350-400 °C, two
conditions were taken into account for the debinding process, which were, therefore, assessed through
TGA analysis: heating up to 350 °C with a 3-hour plateau at this temperature (Figure 5(c)) and heating
up to 400 °C, also with a 3-hour plateau (Figure 5(d)). After 3 h at 350 °C, a total weight loss of ~10%
was measured, which hints at a ~2 wt% residual organic phase. The same result was obtained after
only 30 min at 400 °C, with no further mass loss at this temperature. The ATZ powder was analyzed
under the same conditions (Figure 5(e)). A mass loss of 1.3% took place after 30 minutes at 400 °C. No
further mass loss occurred. This shows that the 2 % organic residue deduced from Figure 5(d) is a mix
of Pluronic and binder from the initial powder (or decomposition products of these organic
components). This remaining organic phase is likely to decompose during the subsequent sintering
procedure, posing a low potential for defect generation as it leaves the samples.

3.2 Sintering study

The sintering study encompassed density and morphological evaluations. The density results are
presented in Table 2 for both sintering approaches: conventional sintering (CS) and Spark Plasma
Sintering (SPS).

Table 2. Density results of the sintering study with different sintering methods/approaches and temperatures. Tsintering:
temperature of the sintering plateau; tsintering: time at the plateau.

Sintering Sample Tsintering tsintering Measured Theoretical Relative

approach (°Q) (h) density density density

ATZ 1350 1 5.40 5.84 92.4

ATZ 1400 1 5.49 5.84 93.9

Y ATZ 1450 1 5.59 5.84 95.7
ATZ 1500 1 5.73 5.84 98.0

ATZ 1550 1 5.76 5.84 98.6

ATZ 1350 1 5.37 5.84 91.9

0.5 wt% CNF 1 5.33 5.79 92.0

@ ATZ 1400 1 5.73 5.84 98.0
2 0.5 wt% CNF 1 5.73 5.79 99.0
ATZ 1450 1 5.66 5.84 97.0

0.5 wt% CNF 1 5.57 5.79 96.2

In the conventional sintering (CS), the relative density of the ATZ samples increased with increasing
temperatures ranging from 92 to 99% for the 1350 and 1550 °C, respectively. Nevertheless, the high
relative uncertainty (+2%, due to the very small size of the samples) should lead to trust more the
tendency shown by these values (i.e. increased relative density with increasing sintering temperature)
than the raw values themselves. Using Spark Plasma Sintering (SPS), sintering at 1350 °C resulted in
densities of approximately 91-92%, while an optimal density of 98-99% was reached at 1400 °C and
further increasing the sintering temperature (up to 1450 °C) led to lower densities (96-97%).
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However, these values fall within the respective error ranges, failing to reach a significant difference.
The inclusion of 0.5 wt% of carbon nanofibers (CNFs) did not affect significantly the densification.

To further understand the effect of the sintering temperatures, morphological evaluations were
performed on the sintered samples. The outcomes of this evaluation, alongside the density results,
assisted in the definition of the sintering temperature for both approaches. The microstructural images
of the sintered samples are depicted in Figure 6 for the CS method and in Figure 7 for the SPS approach.
The grain size evaluation of the sintered samples is displayed in Figure 8.

CS-ATZ1350°C wm
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Figure 6. Microstructural evaluation of ATZ filaments sintered by Conventional Sintering (CS). Sintering at (a) 1350, (b) 1400,
(c) 1450, (d) 1500 or (e) 1550 °C. It is possible to notice larger zirconia grains with smaller alumina grains predominantly at the
grain boundaries.
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Figure 7. Microstructural evaluation of filaments sintered by Spark Plasma Sintering (SPS). ATZ filaments in yellow (a, c and e)
and ATZ with 0.5 wt% of CNFs in orange (b, d and f). Sintering at (a and b) 1350, (c and d) 1400 or (e and f) 1450 °C

V. Inés dos Santos et al. ]. Eur. Ceram Soc. 2024 12



a 3.5 4-@-Alumina--- ~Conventional sintering (CS) b 35 ® Aumina Spark Plasma Sintering (SPS)
® Ce-TZP * | ® Ce-T2ZP *
3.0 4@ Both ® Both
. 3.0+ *
*
*
= 25 =
E E 2.5+ [ 25%~T5% *
3 [ 25%~75% * = = O RTISA
"j.; T Range within 1.510R Py L Range within 1.51QR
8 204 = wedian Line N 204 MedanLins
‘@ Mean o Mean
£ + Oulliers K= + QOutliers —|—
g 197 [T S ——
0] 1G] IS
1.0 4 1.0
0.5 ; % . 051 é %I
-
T == = = - =
0.0'_|_ T T T T 00' T -1 T I - =T
1350°C 1400°C 1450 °C 1500 °C 1550 °C ATZ 05 ATZ 05 ATZ 05
Sintering temperature 1350 °C 1400 °C 1450 °C
Group and sintering temperature
c 147 @ Alumina Sintering at 1350 °C d 35/ @ Alumina Sintering at 1400 °C
® Ce-TZP ~1®ceTzP .
1.2 1@ Both @ Both
T Range within 1.51QR
= 1.0 = wegian Line T o5
= o Oulers 2 [ 2su-75%
i Range within 1 5IQR
508 8 204 Nedmniie
2 - g Mean
= i —_ = 4+ Outliers
V] V]
0.4 4 E 104
0.2 1 I | 0.5 %
= — =t =
0.0- T T T 0.0- T T :
ATZ ATZ 05 ATZ ATZ 0.5
cs SPsS cs SPS
e ® Alumina Sintering at 1450 °C
3.01-@ceTzP PR
® Both * *
2.5
— [ 25%~75% *
£ T Range within 1.51QR I
2 204 — MedianLine
o " Mean
N 4 Outliers _—
)
c 154 S
g
o o
10 ........
0.5 ™~ I |
—= _I_
= 1
0.0- T T T
ATZ ATZ 05
cs SPs

Figure 8. Grain size evaluation for (a) ATZ samples sintered by conventional sintering and (b) ATZ and ATZ with 0.5 wt% CNF
samples sintered by Spark Plasma Sintering. Comparison of the grain sizes obtained by CS and SPS at (c) 1350, (d) 1400 and (e)
1450 °C. The orange color represents alumina grains, whereas the blue color represents Ce-TZP grains. In some samples, it was
not possible to visually distinguish the alumina (usually smaller and more angular) from the Ce-TZP grains - the green color
represents these samples and contains the sizes of both kinds of grains. When it was not possible to distinguish the alumina and
zirconia grains in one group, the comparison with a second group was made in relation to the average grain size of alumina and
zirconia together, regardless of whether in that second group it was possible to distinguish the grains.

Larger grains and significantly less number of pores were observed for both sintering approaches as
the sintering temperature increased. For the conventionally sintered (CS) samples (Figure 8(a)), the
increase in the size of alumina grains was less pronounced than that of Ce-TZP grains. Samples sintered
at 1500 °C had a higher mean value of Ce-TZP grain size compared to those sintered at 1450 °C, with a
similar grain size range. However, at a slightly higher temperature of 1550 °C, very large grains (~2.3
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and ~3.3 um) were present. In terms of density, the CS samples sintered at 1500 and 1550 °C exhibited
the highest densities (98 and 99%, respectively). Therefore, because of the smaller grain sizes, 1500
°C was the selected temperature for the CS approach.

For the Spark Plasma Sintering (SPS) method, a similar trend of increasing grain sizes with higher
temperatures was observed, with samples containing 0.5 wt% CNFs exhibiting slightly smaller grain
sizes compared to those without CNFs. Additionally, in all CNF-containing samples, it was not possible
to distinguish between the alumina and Ce-TZP grains. Samples sintered by SPS at 1400 °C had smaller
mean values and narrower ranges than those sintered at 1450 °C. This, coupled with the higher density
values observed in the 1400 °C samples (~98-99%) compared to the 1450 °C samples (~96-97%),
supported the decision to select 1400 °C as the sintering temperature for the SPS approach. It should
also be observed that samples sintered by SPS had higher mean values of grain size and wider ranges
(Figure 8(c-e)), a fact that could harm the mechanical properties and will be a topic of discussion in
the upcoming sections.

During the microstructural evaluations conducted to optimize the sintering process, it was noted that
the samples containing CNFs exhibited their agglomeration (Figure 9). The presence of CNF
agglomerates is expected to have a detrimental effect on the mechanical properties, which will be
assessed in the subsequent sections and on density since the CNFs form very porous agglomerates
with no ceramic inside (however, this effect was not observed (Table 2)).

Figure 9. SEM image evidencing the agglomeration of CNFs
in samples containing 0.5 wt% CNF.

3.3 Mechanical study

3.3.1 Stress vs. deformation graphs

The curves of stress vs. deformation for a single sample from each group are illustrated in Figure 10.
The key characteristic mechanical values for all 30 samples within each group are presented in Figure
11, which were utilized for group-to-group or nozzle-to-nozzle comparisons. The characteristic
properties of the non-linear behavior of CS-ATZ samples are shown in Table 3.

Table 3. Non-linear mechanical properties of the CS-ATZ filaments by the nozzle diameter utilized in the printing process. €non-
linear: NON-linear strain; &yieid: yield strain; oyieid: yield stress. Check Figure 4(d) for further clarification.

Nozzle diameter (nm)

250 410 580

8“‘&’(‘,'/‘3“* 0.75+0.07 1.02£0.07 0.68+0.09 0.70+0.10 0.84%0.07

gyield (%) 0.27+£0.01 0.22x0.01 0.27+0.02 035%£0.05 0.31%0.03

Oyield (MPa) 52671 396 + 15 561+ 29 594 + 46 4906
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Figure 10. Stress vs. deformation for the groups CS-ATZ, SPS-ATZ, SPS0.5 and SPS2 and printed with nozzles of diameters of (a)
200, (b) 250, (c) 410, (d) 580 and (e) 840 pm.
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Influence of the composition and sintering method

It's noticeable that the SPS-ATZ group consistently displayed the highest Young's modulus values
(depicted in Figure 11(a)), while the SPS2 group exhibited the lowest values, with a noticeable
tendency of reduction in the Young’s modulus with the addition of CNFs. Regarding the fracture
stress/flexural strength, upon analyzing the filaments obtained using 200, 250 and 410 um nozzles, it
was evident that both the CS-ATZ and SPS-ATZ groups exhibited higher values compared to the SPS0.5
or SPS2 groups (Figure 11(b)). This observation supports the expectation that the agglomeration of
CNFs indeed impairs flexural strength. In the case of filaments produced using 580 or 840 um nozzles,
the CS-ATZ group demonstrated higher fracture stresses compared to all other groups. In summary,
the agglomeration of CNFs negatively affected flexural strength across all nozzle diameters. Notably,
with larger nozzles (580 and 840 pm), ATZ filaments sintered via SPS exhibited lower flexural strength
than those sintered using CS.

When examining the fracture strain (depicted in Figure 11(c)), the CS-ATZ group exhibited
significantly higher fracture strains compared to the other groups. Indeed, only the CS-ATZ samples
displayed inelastic/non-linear deformation, while all other groups exhibited only elastic deformations
(Figure 10) as expected from most ceramics. Among these three groups, the SPS-ATZ group
demonstrated a higher fracture strain when using the 200 yum printing nozzle, with no significant
difference observed between the SPS0.5 and SPS2 groups. However, when using other printing
nozzles, there were no significant differences among these three groups in terms of fracture strain.

Influence of the printing nozzle diameter

Regarding the Young’s modulus, in general, when sintered by SPS, the smaller nozzles produced
filaments with higher Young's modulus (Figure 11(a)). However, for filaments that underwent
sintering by CS, there was no clear trend regarding the influence of nozzle diameter on Young's
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modulus. In terms of the fracture stress (Figure 11(b)), the only discernible trend was that for ATZ
filaments sintered by SPS, for which smaller nozzles produced filaments with higher flexural strength.
Furthermore, there was no clear trend observed in terms of fracture strains when varying the printing
nozzle diameter (Figure 11(c)).

Inelastic deformation of the CS-ATZ filaments

As could be observed in Figure 10, the CS-ATZ filaments undergo both elastic and inelastic
deformations. The value of fracture strain (&acture) Of this group was around 1.2%. When the elastic
component is removed, the non-linear strain value (&non-linear) is approximately 0.7-0.8% (

). It is noteworthy that the values of yield strain (&yic1q) for the CS-ATZ filaments (ranging from 0.22 to
0.35% on average) are close to the €fracture values for the SPS-ATZ filaments (ranging from 0.20 to 0.24%
on average, see

). This deformation will be further investigated in section 3.3.3, particularly to determine whether it is
plastic in nature or associated with the formation of microcracks.

3.3.2 Mechanical reliability - Weibull analysis

The reliability of the mechanical evaluations performed can be assessed via the Weibull modulus,
which was calculated and is present in Figure 12. In terms of individual values, the lowest Weibull
modulus recorded was 5.8, observed in the SPS-ATZ filaments printed with 250 pm nozzles. On the
other hand, the highest Weibull modulus observed was 20.1, which was associated with CS-ATZ
filaments printed using 580 um nozzles. The majority of Weibull moduli found stay between 8 to 11 -
values that underline the good mechanical reliability of the printed filaments. Similar to the previous
sections, the influence of composition, sintering approach and printing nozzle diameter on the
reliability of the mechanical evaluations can be analyzed.
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Figure 12. Results of the Weibull analysis. In(In(1/(1-F)) vs. In(oy) for different nozzle diameters in the groups (a) CS-ATZ, (b)
SPS-ATZ, (c) SPS0.5 and (d) SPS2.

Influence of the composition and sintering method

Analyzing the Weibull modulus by nozzle diameter, the scenario is as follows (from the highest value
to the lowest):

— 200 pm: SPS-ATZ > CS-ATZ > SPS2 > SPS0.5;
— 250 pm: SPS0.5 > CS-ATZ > SPS2 > SPS-ATZ;
— 410,580 and 840 um: CS-ATZ > SPS2 > SPS0.5 > SPS-ATZ.

In summary, the CS-ATZ group was associated with higher Weibull moduli, indicating greater
mechanical reliability, while the SPS-ATZ group exhibited lower Weibull moduli, indicating relatively
lower mechanical reliability.

Influence of the printing nozzle diameter

The main trend observed is that the 250 pm nozzles exhibited the lowest mechanical reliability in three
out of the four groups (CS-ATZ, SPS-ATZ and SPS2). However, this trend does not apply to the only
nozzle diameter smaller than 250 um (200 pm).

3.3.3 Transformation-induced plasticity (TRIP)

Based on the observations made on the flexural curves of the CS-ATZ filaments, it was decided to
conduct cyclic three-point flexion at regular intervals, taking into account the maximum force that
could be applied to these filaments. The force vs. displacement curves for the filaments printed with
410 and 840 pum are presented in Figure 13(a) and (b), along with the calculated slopes for the
descending portion of each cycle. Additionally, a photograph of the filaments before and after this test
is shown in Figure 13(d).
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Figure 13. Cyclic three-point flexural results. Force vs. displacement for CS-ATZ filaments printed with nozzle diameters of (a)

410 and (b) 840 um that underwent cycles of deformation. (c) Force vs. displacement for CS-ATZ filaments printed with nozzle
diameters of 410 um that underwent cycles with a constant applied load. (d) Photograph of a CS-ATZ filament that had been
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printed with a 410 um nozzle before and after undergoing cycles of deformation. It is possible to observe the expressive inelastic
deformation presented by the CS-ATZ filaments after 3PB and before fracture. (1.5-column fitting)

Based on the findings shown in Figure 13(a) and (b), it can be observed that there was a minimal
reduction in Young's modulus (slope) between the cycles, with only a slight decrease occurring just
before filament fracture. This suggests that the phenomenon of microcracking did not occur within the
filaments before the last cycle. Similarly, flexural cycles were conducted with a constant applied load
(Figure 13(c)), just below the fracture load. Throughout these cycles, minimal changes in slope were
observed. There was a slight hysteresis between the load descent and ascent and the filaments
exhibited a slight shift in the cycles as they progressed.

Microstructural evaluations were also conducted on the surfaces of highly deformed filaments (Figure
14). In Figure 14(a), the surface near the edge of a filament printed with a 200 um nozzle is depicted.
This region, which remains undistorted, reveals the presence of large zirconia grains (indicated by
blue arrows), small alumina grains (yellow arrows) and strontium aluminate platelets (purple
arrows). Moving to Figure 14(b), which represents the center of that filament (zone submitted to
highest stress), fine circular streaks can be observed on the zirconia grains (highlighted in green).
These streaks correspond to the crystalline growth of the grains during the sintering process.
Additionally, twinning is visible (highlighted in red), which is a sure sign that the t-m transformation
took place in these grains [50].
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Figure 14. SEM images of highly deformed CS-ATZ filaments. Filament printed with a 200 um nozzle (a) at the edge of the filament
(unloaded zone) and (b) at the center of the filament (zone of maximum tensile stress). (c) Filament printed with a 580 um nozzle
deformed until right before fracture and (d) deformed by cycles of different forces. (e) Filament printed with a 410 um nozzle
deformed by cycles of the same force.

Figure 14(c) and (d) display the surface of a filament printed with a larger diameter (580 um). Larger
zirconia grains were visible surrounding the strontium aluminate platelets, exhibiting a distinct
pattern compared to the rest of the material. Additionally, the alumina grains tended to cluster in areas
away from the strontium aluminate platelets. The images also revealed the presence of a few pores.
Particularly in Figure 14(d), a few microcracks could be observed, highlighted in pink.

The microstructure of a filament printed with a 410 pm nozzle, which underwent flexural cycles with
a constant identical imposed load (mechanically evaluated in Figure 13), was also examined. The
microstructure is depicted in Figure 14(e). In this image, there was no indicative of an increased
presence of microcracks specifically. However, it appeared that the entire material had undergone
some t-m transformation. Overall, no significant noticeable differences were observed compared to
the other samples.

4. Discussion

Over the past few years, there has been rapid growth in Additive Manufacturing (AM) techniques due
to their ability to ease the production of intricate shapes and potentially streamline the manufacturing
process. However, the application of AM in ceramics poses several challenges. Unlike metals, ceramics
are more susceptible to defects caused during processing, making the AM process less forgiving.
Moreover, current AM methods for ceramics often yield larger material defects compared to other
established industrial technologies [3]. In the DIW method, increasing the mechanical reliability of the
ceramic components obtained has been a challenge.

This study aimed to enhance the mechanical properties and reliability of alumina-toughened zirconia
(ATZ) composites. This was pursued through careful debinding and sintering processes, alongside
intended carbon nanofiber (CNF) orientation within the composite.

4.1 Challenges of CNF addition

When incorporating carbon nanofibers (CNFs) into a ceramic matrix, three primary challenges need
to be addressed: achieving a homogeneous dispersion, achieving proper orientation (if desired, as in
the case of this study) and ensuring sintering without inducing thermal degradation of the CNFs. In the
following paragraphs, we will discuss each of these challenges.

4.1.1 Homogeneous dispersion of CNFs

Achieving proper dispersion of CNFs within a material presents a significant challenge, as their near-
perfect nanostructure makes it very difficult to disperse them into both organic and inorganic
materials [51]. In the literature, various strategies have been employed to enhance the dispersion of
CNFs and also carbon nanotubes (CNTs) [52], including molecular level mixing, hydrothermal
synthesis, ultrasonication [53,54], sol-gel synthesis, use of deflocculants or surfactants [55-57], ball
milling and high-speed mixing methods [58,59]. Overall, the CNFs’ dispersion is limited by their weight
fraction and this limit varies with the dispersion process [52]. In this study, a deflocculant (Darvan®
821-A) was utilized, along with a high-speed mixing technique. Nevertheless, these measures were
proved insufficient to deagglomerate the CNFs. For the sequence of the study, it is necessary to explore
alternative deflocculants that are more suitable and to improve the deflocculation procedure to
achieve better results.

4.1.2 Proper orientation of the CNFs

Direct Ink Writing (DIW) is an additive manufacturing technique that enables the fabrication of
intricate three-dimensional structures. It has emerged as a promising method for producing
anisotropic materials containing highly oriented phases or particles with high aspect ratios. The
orientation behavior observed in DIW aligns with Jeffery's Obit theory [60] and the Folgar-Tucker
equation [32], which propose that non-equiaxed particles tend to rotate and align themselves parallel
to the shear direction under shear stresses.
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It has been observed that the distribution of additions within the extruded filament is not uniform [37].
Fiber orientation and arrangement are more pronounced and denser closer to the nozzle wall, while
the middle region exhibits a less orderly and sparser arrangement. This gradient distribution from the
filament's center to the wall is attributed to the non-uniform shear rate distribution during extrusion
[33]. The distribution patterns differ between Newtonian and non-Newtonian fluids. In the case of
Newtonian fluids, there is a linear increase in shear rate from the middle to the edge of the nozzle. On
the other hand, non-Newtonian fluids display a non-linear shear rate distribution, with a practically
shear-free zone (referred to as the "0" shear rate area) in the center of the nozzle [37]. The width of
this "0" shear rate area increases with larger nozzle diameters. Therefore, the potential for orientation
in DIW relies on optimizing a balanced combination of factors, which can be summarized as follows
[32,37]:

— Particle shape (length/diameter ratio): Higher aspect ratios enhance orientation potential;

— Interaction between particles (solid content): Optimization is required to prevent interference
among particles (referred to as the "bridging” effect), avoid nozzle blockage due to excessive
particle content, and maintain the desired reinforcement effect;

— Shear rate controlled by nozzle diameter: Decreasing the diameter increases the shear rate.
Finding the optimal diameter is crucial to ensure sufficient shear stress and orientation
throughout the entire nozzle area, as well as achieve the desired finishing aspects of the printed
component;

— Shear time controlled by nozzle length: Increasing the nozzle length prolongs the shear time
and can be adjusted in combination with other parameters to achieve proper orientation.

In this study, when considering the particle shape, the added CNFs possess a high aspect ratio (from
150 to 1000.) and, therefore, a good orientation potential, as corroborated by other studies that have
reported the orientation of CNFs with DIW [31,36,37]. The solid content utilized (30 vol%) was
optimized in another study (data not shown here) and was found to be far from the maximum solid
content of the system of the studied paste (47 vol%). The shear time was not varied in this study, but
the studies that did achieve CNF orientation utilized the same nozzle length as this study (31 mm) [36]
or bigger (50 mm) [37]. The focus of this paper was the variation of the nozzle diameter, ranging from
840 to 200 pm. The latter is estimated by Eq. (1) to induce a considerable shear rate of approximately
400 s'L. Other studies reporting CNF orientation utilized nozzles of a diameter of 500 um [37], 250, 400
or 610 um [31] and even 1250 um [36]. Therefore, it is expected that the diameters employed in this
study would also lead to CNF orientation. Nevertheless, no orientation of the CNFs was observed in
this study. The primary obstacle in achieving orientation was likely the agglomeration of CNFs, which,
once agglomerated, do not experience the same shear forces as individual, deagglomerated CNFs
would. The studies that have reported CNF orientation utilized a quantity of 3-15 vol% [31] or even
23 wt% [37] - in this study, the quantities were much lower: 1.34 vol% (equivalent to 0.5 wt%) or
5.23 vol% (2.0 wt%). Hence, the quantity of CNFs is unlikely to be the main issue. The aspect that
requires optimization is the deflocculation process.

4.1.3 Sintering with CNFs

After removing the water by drying and the Pluronic by debinding, the printed structure was left with
the ATZ particles, which required a sintering process to achieve an adequate level of density. This
achieved level of density largely influences the mechanical properties of ceramics, highlighting the
importance of the sintering approach and parameters utilized. However, incorporating the CNFs adds
a challenge to this process.

Traditional sintering methods for carbon nanofiber-ceramic composites involve the use of high
temperatures over prolonged periods [61]. However, such prolonged exposure to high temperatures
can lead to damage or destruction of the CNFs, significantly diminishing their reinforcement effect
[62]. Previous studies have demonstrated that composites containing a carbon-phase content below
1.5 wt% can be sintered with ceramics (e.g., CNT-alumina) using an air atmosphere furnace, provided
an appropriate anti-oxidation sagger (protective fireclay box) and carbon black packing powder [63].
Nevertheless, although there were no significant differences observed in terms of microstructure,
composites sintered using Spark Plasma Sintering (SPS) techniques exhibited higher hardness and
toughness compared to those sintered in air furnaces [63]. Apart from the temperature issue, sintering
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carbon-based phases and oxide ceramic phases together poses challenges, as it necessitates a low-
oxygen sintering atmosphere to prevent carbon oxidation, which can potentially degrade the oxide
ceramics [64]. Other studies that have used carbon nanofibers as reinforcement performed sintering
by hot pressing (1300 °C, 40 MPa [65]; 1300 °C, 41 MPa [40], both in argon with 3Y-TZP matrix
material) or SPS (60 MPa, 1400 or 1500 °C) [40]. None of them reported degradation of the CNFs.

To overcome these challenges and retain the integrity of CNF structures while achieving sintering at
lower temperatures or shorter durations, the Spark Plasma Sintering (SPS) process was employed in
this study. In this process, a pulsed-electric-current passes through a graphitic mold and the sample
under vacuum, resulting in a heating rate of approximately 300 °C/min (100 °C/min in this specific
study). This rapid heating rate achieved through SPS enables quick completion of the sintering process
while minimizing damage to the CNFs. Of the tested approaches, the SPS method was the only one that
allowed the preservation of the CNFs, as has been observed in Figure 9, in which their integrity after
the SPS process was attested. Furthermore, the addition of CNFs did not present any distinct trend in
the sintering procedure, despite the literature suggesting that they could hinder the sintering process
by pinning off the grain boundaries [66] or facilitate it by lowering the activation energy, as has been
reported with carbon nanotubes in a zirconia matrix [67].

To determine the influence of sintering with the SPS method, conventional sintering (CS) was
performed to serve as a control group. The sintering temperatures for both sintering approaches were
optimized by density evaluations and microstructural evaluations assessing the overall aspect and
grain sizes. In terms of the latter, smaller grain sizes are desirable to achieve higher strength and
improved mechanical properties [9] - the grain size has also been reported to be closely related to the
wear resistance of Y-TZP and alumina materials [68]. The fracture strength of sintered components
containing less than 10 mol% CeO; has also been shown to be strongly dependent on grain-size [69].
Although the ATZ powder utilized in this study had 11 mol%, special attention was given to selecting
a sintering temperature that maximized the density and minimized the grain size. The results indicated
that the higher the sintering temperature, the higher the grain size, a fact that has been reported by
other studies [69,70]. In the CS approach, the optimum sintering temperature of the ATZ filaments was
1500 °C, whereas, in the case of SPS, a temperature of 1400 °C was selected for sintering filaments with
and without CNFs.

4.2 Comparative of mechanical properties

A schematic illustration of the influence of CNF content, nozzle diameter and sintering method on the
mechanical properties evaluated in this study is displayed in Figure 15. The decrease in fracture stress
and Young's modulus as the CNF content increases was probably connected to the agglomeration of
CNFs within the samples, which created porous regions that act as defects in the material (see Figure
9). Additionally, the reduction in fracture strain can be attributed to the fact that this property is a
balance between the two properties mentioned earlier.

CNF content Nozzle diameter Sintering method
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Figure 15. Schematic illustration of the influence of CNF content, nozzle diameter and sintering method on the mechanical
properties of the printed filaments. The values obtained from the correlation and regression analyses such as the chance of true
relationship (CTR) and p-value are also shown. (1.5-column fitting)
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One would expect that reducing the nozzle diameter would lead to an increase in fracture stress due
to a size-effect - smaller nozzles produce filaments with reduced volume and, therefore, with a
decreased likelihood of defects. Surprisingly, this anticipated trend was not observed. Conversely,
smaller nozzle diameters tended to yield filaments with higher Young's modulus, indicating greater
stiffness. This outcome likely originated from higher density values of filaments printed using smaller
nozzles. When subjected to the same sintering conditions, a sample with less volume would experience
more significant densification compared to one with more volume. However, it's important to note
that there were no density measurements conducted while varying the nozzle diameter to validate this
hypothesis.

The superiority of conventionally sintered samples compared to those subjected to Spark Plasma
Sintering (SPS) in terms of fracture strain, fracture stress and Weibull modulus can be attributed to
the occurrence of transformation-induced plasticity (TRIP). This phenomenon occurred within the
conventionally sintered (CS) samples through t-m transformations, resulting in inelastic deformation.
On the other hand, it is hypothesized that the mechanical properties of the SPS samples were hindered
due to the presence of a reducing atmosphere within the SPS furnace (primary vacuum). This
atmosphere can lead to the creation of oxygen vacancies within the ATZ, reducing the oxides present
and thereby hindering the mechanical properties in the SPS-treated samples (as a consequence, the
TRIP effect is also unachievable). Usually, the SPS method is utilized with the application of pressure
[40], nevertheless, in this study, this was not desirable due to the delicate nature of the printed
filaments that would break even under the minimal pressure applied by the SPS (3 N). Hence, a “mini
furnace” was created within the SPS equipment to avoid pressure application as depicted by Figure S
2 (Supplementary Material). The filaments were, therefore, exposed to the atmosphere of the furnace,
which was unfortunately deleterious to them.

To facilitate comparison with existing literature, Table 4 provides an overview of the processing and
sintering methods, as well as the key mechanical properties reported for various materials, including
zirconia and ATZ composites, as well as, the materials produced in this study. Comparing the Young’s
modulus, the values found in this study are in the same range or higher than those obtained for ATZ
(10Ce-TZP/Al;03) via cold isostatic pressing [71,76] and ATZ (10-11.5Ce-TZP/Al,03/SrAl12019) via slip
casting [20]. Regarding flexural strength, high values were found in this study. These were in the same
range or higher than flexural strength values of all the studies in Table 4 regardless of the processing
method (DIW, CIP or SC) and also in comparison to same-composition-ATZ obtained both by slip
casting [20] and DIW in previous studies [3].

Finally, the main issue that has been found in most components printed via DIW is the lack of
mechanical reliability, which can be translated into low Weibull modulus. The Weibull modulus is a
measure of the material's reliability and its value can vary based on the inherent properties of the
material, the testing methodology employed and the intended use of the ceramic in practical
applications [78]. In general, high Weibull modulus values above 10 or even 20 are considered to
indicate good mechanical reliability and strength in ceramics [78]. Usually, the Weibull moduli
obtained from ceramics produced through additive manufacturing are lower than those obtained by
conventional ceramic processing methods. Indeed, DIW leads to a wider distribution of defects and
consequently lower robustness compared to more established ceramic technologies [79,80]. That
would raise concerns for structural applications that demand minimal risk of failure. Still, the results
found in this study show that a good level of mechanical reliability is achievable by DIW. The obtained
values of Weibull modulus were found to be higher than DIW-produced ATZ (3Y-TZP/Al;03) [75], as
well as ATZ obtained by CIP (Y-TZP/Al;03 [74] and 10Ce-TZP/Al;O3 [76]). The Weibull moduli found
were only lower than those of the same composition ATZ obtained by slip casting (m=60, number of
samples=23) [20]. The good Weibull moduli found indicate a lower sensitivity to the presence of
defects, which has been attributed to the exceptional toughness imparted by the TRIP effect [76]. This,
alongside the other good mechanical properties observed of the ductile Ce-TZP-based composites,
demonstrates encouraging potential for DIW of these ceramic materials. However, it is important to
note that this study focused on evaluating individual filaments. Printing a complete piece/component
introduces greater complexity, as factors like inter-filament distance must be carefully considered in
both the x-y plane and the z-direction. Making incorrect choices regarding these parameters may result
in porosity, which could hinder the mechanical properties of the final component.
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Table 4. Comparison of the processing methods and properties of different ceramics obtained either by traditional ceramic processing
methods or DIW, including the results found in this study. ZTA: zirconia-toughened alumina; CIP: cold isostatic pressing; DIW: direct ink
writing; SC: slip casting; HIP: hot isostatic pressing; CS: conventional sintering; Z: zirconia; A: alumina: 3PB: 3-point bending; 4PB: 4-point
bending; P-3B: piston-on-three balls. Asterisk (*) indicates a value that was not disclosed if wt% or vol%.
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5. Conclusions

Filaments of an ATZ composite (84 vol% Ce-TZP, 8% Al,03, 8% SrAl12019) with and without carbon
nanofibers (CNFs) were fabricated using Direct Ink Writing (DIW), an additive manufacturing
method. The objective was to enhance the mechanical properties of these composites through
careful debinding and sintering processes, as well as the orientation of CNFs induced by the shear
associated with the printing nozzles. The nozzle diameter was varied in the range of 200 to 840
um. Optimal debinding and sintering conditions were determined, utilizing both Conventional
Sintering (CS) and Spark Plasma Sintering (SPS) methods. Evaluation of the filaments included
mechanical properties such as fracture stress/flexural strength, fracture strain, Young's modulus
and mechanical reliability determined by the Weibull modulus.

The addition of the CNFs, which was expected to improve the mechanical properties, had an
adverse effect in this study. The negative impact can be attributed to the agglomeration of CNFs,
highlighting the need to explore alternative deflocculants and improve the deflocculation
procedure for better results. Theoretically, smaller nozzle diameters should promote more
uniform fiber alignment and orientation throughout the filament in the longitudinal direction.
However, this phenomenon was not observed due to the poor dispersion of CNFs. Nevertheless,
printing with smaller nozzles showed improvements in the Young’s modulus. Conventionally
sintered ATZ samples exhibited transformation-induced plasticity, while those sintered by SPS
did not, a fact that led to CS samples presenting higher fracture strains, flexural strengths and
Weibull moduli.

The mechanical properties obtained were comparable to or higher than those achieved through
conventional ceramic processing techniques like cold isostatic pressing and slip casting. Similarly,
the mechanical reliability, which is often a concern with DIW, was also satisfactory. Overall, these
results demonstrate the promising potential of DIW for ceramic materials, especially ductile Ce-
TZP-based composites.
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Supplementary Material

Figure S 1. Alumina crucible into which the filaments were placed after drying to reduce the need to handle them and

prevent their breakage. (a) CAD model and (b) photograph of the crucibles - inset photograph of (b) shows a broken

crucible to better observe its bottom configuration. Since one of the main advantages of the DIW technique is its versatility

in terms of shape creation with ceramics, it seemed natural to produce the crucibles by DIW. Nozzles of 410 um were used

and the crucibles had 1 cm of diameter with 2.8 cm of height. The first five layers were designed to be fully printed whereas
Alumina crucibles

the subsequent layers were hollow.
Filaments
Yoo . ‘
i

Figure S 2. Schematic illustration of the configuration of the samples within the SPS furnace to avoid the application of
pressure.
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