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Enabling the direct infiltration of freeze-cast graphene structures with water-based ceramic suspensions,
otherwise prevented by graphene’s intrinsic hydrophobic behaviour, can lead to the production of hierarchical
graphene/ceramic composites in a cost-effective and replicable manner. In this study, the addition of a triblock
copolymer (PF127) in the formulation of water-based alumina slurries was used to allow the integration with
reduced graphene oxide (rGO) scaffolds combining freeze-casting, wet chemistry processing and Spark Plasma

Sintering. Wettability and infiltration tests were performed to optimise the composition of the ceramic sus-
pension, leading to the preservation of alignment in embedded rGO scaffolds and maintaining channel widths of
5-15@#m upon sintering at 1500° C.

1. Introduction

Ceramic-based composites have been widely explored to tackle the
well-known weaknesses of pure ceramics (e.g. low fracture toughness
and thermal fatigue) to enable their use in high-performing applications
such as turbine blades, bearings, inert medical prostheses, and thermal
or electrical insulators [1-3]. The outstanding combination of strength,
lightweight and electrical/thermal properties characteristic of graphene
(and graphene derivatives to a lesser extent) [4-6] has made it a
promising reinforcement, with multiple studies demonstrating im-
provements in the properties of graphene/ceramic composites when
compared to pure ceramics [7-10-13-16]. Most of these authors fol-
lowed either traditional powder processing or colloidal and sol-gel so-
lutions to integrate graphene in the ceramic material without carefully
controlling the internal structure of the composite. Novel design con-
cepts have alternatively taken inspiration from natural composites such
as nacre, which tailor the internal hierarchy of the constituents at
different length scales, applying it to processing of ceramic-based ma-
terials and maximising the combination of strength and toughness
beyond the traditional rule of mixtures [1,17-20,21].

A promising technique aiming to support the creation of bioinspired

materials is freeze-casting, or ice-templating, a simple processing
method for developing highly-porous materials obtained by controlled
unidirectional solidification of an aqueous suspension of the target
material. Its cost-effectiveness and versatility have made it an essential
technique in the production of porous materials of different nature, from
polymers, ceramics and metals to more complex macromolecules and
biomaterials for the food industry [22-25,26] (More examples in the
FreezeCasting.net database [27]). Graphene aerogels have also been
obtained by freeze-casting using water/organic suspensions of graphene
oxide (GO) as a precursor with tailored interlayer thickness and
achieving high reproducibility [28-31,32].

One of freeze-casting’s biggest prospects is its integration in ceramic-
based composite manufacturing by combining different material pairs,
namely ceramic/polymer [18,24,26], ceramic/ceramic [20,33] or
ceramic/metal [21] hybrids. Graphene/ceramic composites following
this approach have scarcely been presented, with two examples being
the work from Wang et al. [34] and Picot et al. [31]. While in the former,
the freeze-cast structure was made from combining GO and alumina in
the precursor before hot-pressing, Picot et al. developed a separate rGO
scaffold/infiltration approach in which the infiltrating ceramic phase
consisted of polymer-derived ceramics (PDCs). Through this processing
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route, a polymethyl siloxane polymer was used to infiltrate a freeze-cast
graphene-like network, then converted to a glass ceramic (silicon oxy-
carbide glass) via pyrolysis at 900°C and SPS at 1700°C. The substitution
of the PDC matrix with advanced ceramics in the direct infiltration of
graphene structures appears as a promising extension of this study,
delivering a more cost-effective processing route without chemically
converting the matrix material. However, this possibility cannot be
achieved for water-based ceramic suspensions due to the hydrophobic
nature of graphene, which repels the water solvent and prevents the
integration of both materials.

One approach to overcoming this issue comes by adding a surfactant,
such as an amphiphilic polymeric material. Pluronics are commercially
labelled triblock copolymers containing polyoxyethylene (hydrophilic
external chains) and polyoxypropylene (hydrophobic central chain) in
the form of [PEO]a-[PPO]b-[PEO]a, known for their amphiphilic
properties and thermoresponsive behaviour [35,36]. Pluronics have
been conventionally used as surfactants [37] and drug-delivery carriers
t% of solid material) in pharmaceutics [38], recently
explored in the robocasting field (15-25@wt% content) by exploiting
their gelation capabilities in manufacturing 3D-printing inks [39-42].
Very recently, the amphiphilic capabilities of Pluronics have been
approached in graphene/alumina systems to enhance the dispersion of
the former and overcome the hydrophobicity barrier [43]. Pluronic
F-127 (PF127) in particular has become a widespread selection because
of its low toxicity and ability to reverse thermal gelation. Due to its
combination of high molecular weight and large-sized hydrophobic PPO
units, PF127 exhibits an adaptative rheological behaviour and tends to
self-assemble into micelles upon reaching a critical concentration in
suspension, leading to massive cross-linking at concentrations above 15
wt% at room temperature [36,44].

In this study, we explored the prospect of integrating PF127 in the
formulation of water-based alumina slurries to modify the hydrophobic
response of reduced GO aerogels and obtain graphene/ceramic com-
posites through a scaffold-infiltration approach. We aim here to
consolidate the roots of a promising, environmentally friendly process-
ing route with growth potential in future works, paving the way towards
manufacturing highly structured graphene/ceramic materials in a cost-
effective and replicable manner.

2. Materials and methods
2.1. Materials

Water-based ceramic suspensions were prepared using commercial
(Al,03) alumina powder (Baikowski BA-15 W alpha alumina, specific
surface area of 19.68m? g~!, particle size of 100E#nm measured by
SEM, density of 3.96%EcEEcm > by helium pycnometry), grade-3
deionised (DI) HyO and a triblock co-polymer based on polyoxy-
ethylene (PEO) and polyoxypropylene (PPO) in the form of [PEO]a-
[PPO]b-[PEO]a (a 100, b = 65, Mw 12600 g mol’l, Sigma
Aldrich) commercially labelled as Pluronic F-127 (PF127 in the text).
Graphene oxide (GO) suspension (1 wt% GO, from GOGraphene, Wil-
liam Blythe Ltd.) was selected as the graphene precursor. 10 wt% so-
lution of polyvinyl alcohol (PVA) in DI HyO and pure sucrose powder
(Sigma Aldrich) were used as a binder and enhancer of surface proper-
ties respectively [28,29,45].

2.2. Production of hierarchical reduced graphene oxide scaffolds

Commercial 1 wt% GO suspension was further diluted to 0.25 and
0.5 wt% GO concentration by adding DI H,O. Sucrose and 10 wt% so-
lution of PVA additives (50 wt% of GO content in the mixture) were
included in the suspension and homogenised via speed-mixing using a
DAC 800.1 FVZ Mixer at 1950&&rpm for 888min. GO suspensions were
cast in Teflon/PLA moulds of various geometries using a custom-built
freeze-casting setup [Supplementary Figure 1] similar to previous
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works in the field [29-31], leading to cylindrical lab-sized (138
diameter, 18 mm height) and scaled-up aerogels (30 mm diameter and
m height). After freezing the GO suspensions at 5°C min " rate,
ice sublimation was carried out by freeze-drying (Lablyo —85 Frozen in
Time Ltd) below — 60°C under 12§Pa vacuum for a minimum of 48 h
depending on specimen size. A preliminary drying stage was applied
overnight under 80°C inside a fan-circulated oven (LTE Scientific Raven
Oven 2). Thermal reduction of GO aerogels (rGO) was performed in a
Carbolite MTF 12/38/400 tubular furnace at three 1 h intermediate
stages (100, 150 and 200°C) and a final isothermal stage at 900°C. The
samples were placed in an alumina crucible (99% purity) and under a
2Nlpm argon flow (Pureshield 11-w, 11.01 m®) to ensure a
non-oxidising atmosphere.

2.3. Wettability study of alumina slurries on reduced graphene oxide films

A preliminary evaluation of wettability between GO and/or rGO
(400°C) films and Al,O03/PF127 slurries was performed by contact angle
(CA) measurements via sessile drop on an Attension Theta Lite optical
tensiometer. GO films were spin-coated onto 10 x 10 mm silicon sub-
strates (Graphenea, SiO3/Si 300 nm) with a Laurell Spin coater WS-
650-23 unit from a 0.37 wt% GO suspension. The spin-coated GO films
were thermally annealed in a tubular furnace at three 30 min isothermal
stages of 100, 250 and 400°C, reached at 2.5°C min~! heating rates to
preserve the integrity of the films.

Al»,03/PF127 slurries were produced by first preparing 5 and 15 wt%
PF127 stock solutions in DI H,0. The alumina powder was then added
up to the selected solid loading (0.1-1 - 5-12.5-25 wt% in H0) and
PF127/A1,03 wt./wt. ratio, speed-mixed for 10 min to maximise ho-
mogenisation. Gelation of these slurries was not expected as the PF127
content in HyO did not exceed 5 wt%. Slurry droplets were deposited on
GO and rGO films, evaluating the CA by averaging left and right angles
throughout the first 10 s of deposition with the change of alumina solid
content in suspension. Dynamic evaluation of the droplet spreading
confirmed the CA did not change substantially during this period.

2.4. Graphene/alumina composites green bodies

The PF127/Al,03 ratio in alumina slurries was adjusted through
custom infiltration tests. 5.2 + 0.2 m~3 GO aerogels (freeze-
cast from 0.25 wt% GO suspension) were annealed at 900°C, carefully
deposited on top of the alumina slurries and monitored using a Nikon
D5100 camera. The infiltration of 2/3 of the aerogel volume was
selected as the endpoint to compare different tests and compensate for
uncontrolled factors such as tilting, surface flatness and inaccuracies
from the camera positioning. The graphene/alumina green bodies were
produced by infiltrating rGO scaffolds originally cast from 0.5 wt% GO
suspensions (28 mm diameter, 32 mm height and 3.7 + 0.1 mg cm > in
apparent density) with 25 wt% PF127/Al,03 slurries and freeze-drying
for further 72 h.

2.5. Consolidation of graphene/alumina composite

Spark Plasma Sintering (SPS) of graphene/alumina green bodies was
performed in a Type HP D 10-SD unit from FCT Systeme GmbH. Freeze-
dried infiltrated rGO scaffolds were placed in a 20g@mm graphite die
perpendicular to the pressure direction in the chamber and protected
using graphite foil (0.3 mm thickness). The SPS cycles were performed
under vacuum at 1500°C for 3@minutes, reached at a 100°C min ™}
heating rate based on previous works on the field [9]. Heating was
controlled by a 10-5-12-2 current pulse sequence (ON time - OFF time -
number of pulses - extra pause, respectively). Uniaxial pressure was
linearly increased up to 50 #MPa, maintained during the isothermal
stage and quickly released down to contact force during cooling. The
cooling rate was also limited to 50°C min " to reduce the thermal stress
induced in the ceramic material in the process and prevent cracking of
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the discs.
2.6. Characterisation techniques

GO lateral size was averaged by elliptical fitting of 100 single flakes
after dilution of the GO suspension to 500&&ppm in isopropanol and
drop-cast on silicon substrates. Examination of the flakes was performed
via optical microscopy (OM) under polarised light. The apparent density
of cylindrical freeze-cast scaffolds was evaluated by dividing their
weight and volume (3-point averages of height and diameter measured
with a digital calliper). A Micromeritics AccuPyc 1330lpycnometer
was used to obtain the density of the BA-15 W raw alumina powder.

Freeze-dried GO suspensions were characterised through Thermog-
ravimetric Analysis (TGA), X-ray Photoelectron Spectroscopy (XPS),
Raman spectroscopy and X-ray Diffraction (XRD) before and after
thermal reduction. TGA was performed in a Mettler Toledo TGA/DSC 3
+ up to 1000°C on a 5°C min~* heating rate under nitrogen atmosphere.
XPS was performed in a Thermo Fisher Scientific K-alpha+ spectrometer
using a micro-focused monochromatic Al X-ray source (72EEW)
providing an analysis defining elliptical X-ray spot of ap
x 600 um. Data was recorded at pass energies of 150
scans (1g&eV step size) and 40g&eV for high resolution scan (0.1g&eV
step size), interpreted using CasaXPS software. Shirley or two-point
linear background subtractions were employed depending on back-
ground shape. All peaks were fitted using GL(30) lineshapes, a combi-
nation of a Gaussian (70%) and Lorentzian (30%) apart from the carbon
sp? component fitted with an asymmetric function (LF
(0.75,1.15,100,150)) to account for the natural shape of this spectral
line. The C1s sp? component was fitted with an FWHM of 0.9 + 0.05 eV
at 284.18eV binding energy. The rest of the sp° and carbonyl groups
were set with FWHM of 2 + 0.58#eV to account for the different types of
substitutions within the GO and additives in some samples, giving rise to
a mixture of chemical environments.

The Raman spectra of GO before and after annealing was obtained
with a Renishaw inVia Raman microscope using a 5148#nm laser (5%
power) with standard grating, an exposure time of 10 s and three ac-
cumulations per sample. X-ray Diffraction (XRD) was performed with a
Siemens Diffraktometer D5000 and processed with HighScore Xpert Plus
software. The viscosity (cP) of the Al,O3/PF127 suspensions was
measured using a Fungilab rotational viscometer under a rotation speed
range of 5-250 rpm and an average spindle torque of 50-80% at 20°C.
Two low-viscosity spindles (TL5 and TL6) from a small-sample spindle
set were used in the measurements. Both the alignment of reduced GO
aerogels and the fracture surface from sintered graphene/ceramic
composites was verified by Field-emission Scanning Electron Micro-
scopy (FESEM) on a ZEISS 1540 XB unit, under an EHT of 5gEkV,
S5EEmm working distance and an in-lens detector. ImageJ software was
used to process the graphs and figures presented in this study, using the
FigureJ extension for the arrangement of microscopy images [46].

3. Results and discussion
3.1. Partially reduced graphene scaffolds

GO colloidal suspensions can deliver hierarchical graphene networks
based on their extremely high dispersibility and affinity with a water
solvent. Increasing the GO concentration and flake size of the suspension
can trigger its self-ordering behaviour, leading to the formation of liquid
crystal phases [47]. The mean lateral size of GO flakes in the suspension
used was 8 + 2 ym (Fig. 1). These dimensions, along with the selected
GO concentration of 0.25-0.5 wt%, sit in the range in which a nematic
LC phase can be formed [48] and preserved by the controlled directional
freezing performed via freeze-casting.

The effect of thermal annealing in the GO precursor was first eval-
uated. Elemental analysis confirmed a shift of the C/O atomic ratio from
0.9 to 48.8 after reduction at 900°C, indicating the removal of most
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Fig. 1. Optical microscopy of GO flakes distributed on a silicon substrate. Inset:
Close-up of GO flakes exhibiting the change in colouring with flake agglom-
eration (Scale bar: 5 ym).

oxidised groups attached to the former GO sheets. Nitrogen and sulphur
impurities (1.60 and 1.78 at%, respectively) were also found in the
analysis, expected from the heavy oxidation process during the GO
synthesis. The XPS spectra of the freeze-dried GO:PVA:sucrose formu-
lation (labelled as freeze dried GO suspension in Fig. 2) before and after
annealing was studied. This formulation required for the freeze casting
processing includes PVA:sucrose:GO with a 0.5:0.5:1 mass ratio. The
presence of PVA:sucrose increases the content of C-O groups, not as
present in GO films [Supplementary Figure 2] in favour of carbonyl C
=0 [31,49].

After the thermal treatment, the general survey provided a C/O
change from 2.34 to 49.26 supporting the elimination of oxidised
groups. Analysis of the Cls spectra also confirmed the sp%sp® hybrid-
isation ratio increased from 0.24 to 7.36 after reduction at 900°C, with a
significant depletion of epoxide (C-O), carbonyl (C = O) and carboxyl
(O-C = 0) groups present in the graphene sheets. The increase in sp>
carbon concentration after reduction resulted in satellite features at
higher energies, as represented by the plasmon features at 291 and
293 eV in the rGO graph.

TGA measurements also reflected the effect of thermal treatment in
the precursor [Supplementary Figure 3], showing a weight reduction
of almost 60% for GO at 900°C, with rGO only losing 10% of the original
weight at this temperature. D and G Raman peaks were found at 1354
and 1588 cm ™! in GO, with a slight shift to 1358 and 1597 cm ™! upon
annealing [Supplementary Figure 4]. A D/G intensity ratio of 0.88
and 0.99 was obtained before and after the annealing, respectively. The
Raman spectra did not reflect a significant change in the intensity ratio
displayed as expected for the low temperature of annealing selected
[50]. The evolution of D/G ratio upon thermal treatment is more com-
plex in oxidised graphene than in pure graphene or other graphitic sp?
systems. In the latter, a reduction of D band intensity (lowering the D/G
ratio) would be associated with a decrease in the number of defects in
the structure [51][52]. However, as the carbon from GO is mostly in sp3
hybridisation within a highly disordered structure, thermal annealing is
also expected to restore the sp2 graphitic domains, hence increasing the
D/G ratio [53][54]. XRD analysis confirmed a shift from a sharper 20
peak around 10° into a broader peak at 20-25° after thermal annealing of
the GO [Supplementary Figure 5], which verifies the partial
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Fig. 2. XPS analysis showing the C1s spectra of freeze-dried GO suspensions before partial reduction (Top graph) and after partial reduction at 900°C (Bottom graph).

The suspensions also contained PVA:sucrose additions included for freeze-casting.

graphitisation of the material in agreement with the literature [50].

GO aerogels in various sizes and shapes were produced by exploiting
the flexibility of the freeze-casting technique. The aerogels were reduced
by thermal annealing in a non-oxidising atmosphere to restore the sp?
domains and avoid combustion at high temperature. Slow heating rates
and intermediate stages below 200°C were applied to prevent structural
disruption caused by the removal of water-labile molecules. The cross-
section of the aerogels exhibited a typical honeycomb-like pattern,
maintaining a unidirectionally aligned structure with 15-30FEum
channel widths (Fig. 3a,b,c). FESEM characterisation also confirmed a
significant loss of alignment in aerogels produced from 0.25 wt% GO
suspensions [Supplementary Figure 6] compared to 0.5 wt% GO,
which was attributed to the reduced lateral size of the GO precursor
employed. While cylindrical upscaled rGO aerogels of 28 mm diameter
and 32 mm height (Fig. 3e) could be produced maintaining the 0.5 wt%
GO concentration in suspension and freezing rates, lab-sized specimens
(13mm diameter, 18g@mm height of 2.8 + 0.2F@meEEcm ° in
apparent density) were first made for infiltration testing to accelerate
the soaking process and permit batch freeze-drying and annealing
(Fig. 3d).
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3.2. Wettability study

Static contact angle (CA) tests were designed to evaluate the effect of
adding PF127 to the alumina slurries of low-medium solid loading
(0.1-1 - 5-12.5-25 wt% Al»;03) in the wettability. To provide more
consistent CA values, flat GO spin-coated films were selected as the
graphene phase instead of the freeze-cast scaffolds, comparing with and
without partial annealing up to 400°C under vacuum. Due to the delicate
nature of the spin-coated films, lower temperatures were selected to
achieve a compromise between an effective removal of functional
groups present in the GO sheets [55] and damaging the continuity of the
film, exposing the silicon substrate underneath as a result of excessive
temperature. The consistency of the annealed GO film was verified by
FESEM, confirming the GO coating exhibited sufficient thickness to
prevent the underlying silicon substrate from affecting the obtained CA.
At the substrate edges, the advancing front of the film was still visible
(Fig. 4a), which was avoided during deposition of the alumina slurries.

XPS analysis of the GO films also confirmed the low annealing
temperature of 400°C was sufficient to reduce the film partially [Sup-
plementary Figure 2]. The oxygen contribution in the general XPS
survey was lowered from 30.6 to 15.9 at% upon annealing of the films,
supporting the partial elimination of functional groups decorating the
graphene flakes. The atomic sp’sp® hybridisation ratio in the Cls
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10 mm

Fig. 3. FESEM images of (a) perpendicular and (b) parallel cross-section of freeze-cast 3.7 + 0.1 mg cm > rGO aerogels along the freezing direction, taken after
thermal annealing at 900°C exhibiting 15-30#um channel widths in a honeycomb-like structure. (c) Closer picture of rGO flakes suspended in the freeze-cast
structure. (d) Array of rGO aerogels (13 mm diameter, 18 mm height) after batch annealing prepared for infiltration tests. (e) Scaled-up rGO aerogel (30 mm

diameter, 25 mm height).

b (o
80 80
Si substrate }\ \%/ - }\ RS
rGO film 704 70 1
= =4 T
£ e rGO/AI,0, (No PF127) £
< < Y
S o —x
50 50 - 1 1 \\ F
—e— rGO/AL,O, (No PF127)
40 o 40 v IGO/AL,0, (0.15 PF127)
30 T T T T T 1 30 T T T T T 1

0.1 1

Solid loading (wt.% Al,O,)

5 125 25 0.1 1 5

Solid loading (wt.% Al,O;)

125 25

Fig. 4. (a) FESEM image of spin-coated GO films on a silicon substrate showing the advancing front of the film. Inset: Cross-section of 1 wt% Al,O3 droplet deposited
on a GO film during tensiometer measurements. (b) Average contact angle (CA) of Al,O3 droplets with increasing solid loading (0.1-25 wt%) on GO and rGO (400°C)
films in the absence of PF127 additions. (c) Average contact angle (CA) of Al,03/PF127 droplets with increasing Al,O3 solid loading (0.1-25§&wt%) under a fixed

0.15 PF127/A1,03 ratio on GO and rGO (400°C) films.

spectra also increased from 0.12 to 2.63 after the carbonisation step,
highlighting the partial restoration of the sp? graphitic domains
although lower than in rGO annealed at 900°C. The plasmon features of
the spectrum at higher energies were also less prominent, given the
lower concentration of sp? carbon. A significant reduction of carbonyl
(from 50.3 to 8.0 at%) and carboxyl content (from 7.9 to 2.3 at%) was
found in the GO films compared to the XPS survey previously performed
for freeze-dried GO (from Fig. 2), with slight deviations in the binding
energy positions associated with these groups. These were attributed to
the high variability of functional groups provided from PVA:sucrose
additions in the previous GO suspensions envisioned for freeze-casting.

Without any PF127 addition, wettability of the alumina slurries
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shifted from a 35-50° range to a 70-75" range against the GO films
before and after partial annealing (Fig. 4b). This increase in film hy-
drophobicity was expected from the depletion of sp® carbon and carbon-
oxygen links in GO films along with a higher presence of sp? carbon after
annealing. Although far from the super-hydrophobic behaviour reported
for graphene nanoplatelets and fully-reduced GO sheets around
120-150° [56], partial reduction at 400°C proved sufficient to modify
the droplet response, with a sharper change expected for rGO aerogels
annealed at 900°C. As the Al;O3 loading increased to 12.5 and 25 wt%,
the obtained CAs were progressively higher, reflecting the influence of
solid loading in the slurries.

A significant change in wettability was obtained after adding PF127
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in the alumina slurries, drawing the behaviour of rGO films closer to that
of GO films before reduction (Fig. 4c). Measured CA averages of rGO/
Al,03 droplets with PF127 decreased when increasing the alumina solid
content of the suspension. The amphiphilic effect of the copolymer
addition was intensified in the 12.5-25; wt% Al,O3 solid content
range. In this loading range, the effect of annealing on the GO film was
negligible, with barely any difference in the reported CAs for GO before
and after annealing (Fig. 4b,c). This similar behaviour could be
explained by the larger quantity of PF127 in the alumina droplet,
interacting equally with both the hydrophilic oxidised groups of GO and
the hydrophobic regions of sp? carbon. It should be recognised that this
drop in hydrophobicity would not only be derived from the increase of
alumina content but also from the increase of PF127 content in the
slurry, which arises from maintaining an equal PF127/Al,03 ratio in
these measurements.

At higher solid loadings, the ceramic droplet could also be pinned
due to increased viscosity, limiting its spread on the film. The viscosity
of 12.5 and 25 wt% alumina loading suspensions was evaluated for
increasing PF127/Al,03 wt./wt. ratios of 0, 0.07 and 0.15 (Fig. 5), with

a
2000
25 wt.% - No PF127
—e— 25 wt.% - 0.07 PF127
—A— 25 Wt.% - 0.15 PF127
1500
o
S
>
‘@
3 1000
2
>
500
0 T T T T T
0 50 100 150 200 250
b Speed (rpm)
80
12.5 wt.% - No PF127
60 - —e— 12.5wt.% - 0.07 PF127
—A—12.5Wt.% - 0.15 PF127
o
C
>
= 40
o
2
>
20
0 T T T T T
0 50 100 150 200 250

Speed (rpm)

Fig. 5. Rotational viscosity measurements of alumina slurries at increasing
PF127/A1,03 ratios (0, 0.07 and 0.15) for (a) 258@wt% and (b) 12.588wt%
solid loadings. Two different spindles were used for each graph due to the
difference in viscosity range (TL6 in top vs. TL5 in bottom). The viscosity of
12.588wt% slurries without PF127 was found at the lower torque limit of the
TL5 spindle at highest speeds, for which only one point could be included in
the graph.
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a 0.15 ratio representing 0.15f e of PF127 for every g of Al;Os.
Although all suspensions exhibited similar shear-thinning behaviour,
the increase in alumina solid loading accompanied a remarkable in-
crease in viscosity. This effect was most noticeable at lower speeds,
which resulted in a sharper change in viscosity up to the 1000-2000 cP
range (Fig. 5a). The additions of PF127 in suspension appeared to have a
mixed effect on the viscosity. While smaller additions (0.07 ratio)
seemed to increase the overall viscosity of the suspension slightly, bigger
additions (0.15 ratio) resulted in a reduction of viscosity to an in-
between point, which could denote a better integration of the additive
in suspension. The overall viscosity of alumina slurries appeared not to
have been as significantly affected by changes in PF127 content as by
changes in the alumina solid loading, which was considered for the
infiltration tests in the next section.

3.3. rGO scaffold infiltration

The formulation of PF127/alumina mixtures was further optimised
by testing the infiltration capabilities of thermally reduced freeze-cast
GO aerogels instead of flat GO or rGO films. Temperature, volume of
ceramic suspension and size/density of the rGO aerogel were kept
constant in the study of infiltration by different PF127/A1,03 wt./wt.
ratio.

The parameters selected for the infiltration test are displayed in
Fig. 6a, highlighting the PF127/Al,03 wt./wt. ratios tested from 0 to
0.15 and the increase of total PF127 content in the suspension. Each set
of conditions was tested three times on similar cylindrical rGO aerogels
(138Bmm diameter, 18Z#mm height, 2.8 + 0.2FEmgEcm ). In these
tests, the alumina solid loading was maintained at 12.5 wt%, as higher
viscosity in the suspension (from Fig. 5) hindered the infiltration of
smaller aerogels when deposited on top of the ceramic slurry directly.

In water-based alumina slurries without any PF127 additions, infil-
tration was never achieved because of the hydrophobic behaviour of
reduced GO aerogels. At 0.01 PF127/Al;03 ratio in suspension the
infiltration was moderately improved, reaching the infiltration endpoint
of 2/3 of the aerogel volume after 3— minutes (Fig. 6b). However,
infiltration was never complete under these conditions, with suspen-
sions also appearing unstable after freezing due to alumina sedimenta-
tion. Starting from a PF127/Al,03 ratio of 0.03, the soaking of the rGO
aerogel was greatly enhanced, achieving the infiltration endpoint in less
than 40EEseconds. From this point onward the trend changed
completely, obtaining progressively reduced times of infiltration up to
0.15 PF127/Al1,03 ratios (Fig. 6¢). The amount of PF127 material in the
composite should be reduced to the minimum necessary without elim-
inating its positive effect, as the copolymer will be released during the
sintering stage, potentially damaging the envisioned structure of the
graphene/ceramic composite. Through these infiltration tests, the effect
of PF127 in solution was verified, hinting towards 0.03 as the minimum
PF127/Al,03 ratio for the main processing route (Fig. 6b). However,
0.07-0.15 ratios were selected for allowing the infiltration of suspen-
sions of higher loading (above 12.
deliver a homogeneous green body composite.

SPS discs with a minimum of 3g#mm in height were required to
produce specimens with sufficient thickness for future mechanical
testing. From the volume limitation of using cylindrical 30EEmm
graphitic dies during SPS, a minimum loading of 25g@wt% in the
infiltrating alumina slurry was required to provide sufficient solid ma-
terial (calculated as roughly 8 g of alumina). Even though 0.07 PF127/
Al,03 ratios appeared sufficient to permit infiltration based on previous
tests on lab-scale aerogels, the infiltration of larger scaffolds was ex-
pected to be negatively affected by the viscosity shift presented in Fig. 5
after increasing the alumina loading to 258@wt% in the slurry. Above
t% loading, infiltration was achieved through preliminary
wetting of the rGO scaffolds with ceramic slurry drops until complete
soaking, instead of depositing the aerogel on top of the slurry as in
Fig. 6¢. After these adjustments, scaled-up rGO aerogels (28 mm
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Fig. 6. (a) Schematic of infiltration test conditions, highlighting the increase in PF127 content in solution and the PF127/Al,03 wt./wt. ratio for each case (0-0.15).
(b) Infiltration time versus PF127/Al,03 ratio in suspension (0-0.15), each case averaged for 3 analogous rGO aerogels. (c) Display of stages from aerogel deposition
in suspension to complete infiltration (In the example, rGO aerogel on a 0.15 PF127/Al,03 suspension).

diameter, 32 mm height and 3.7 + 0.1EBmgBcm in apparent den-
sity) were successfully infiltrated in 25 wt% Al;O3 suspensions con-
taining 0.15 PF127/Al;03 ratio and later freeze-dried prior to
consolidation via SPS.

3.4. Graphene/alumina composite consolidation by SPS

SPS parameters (Methods section 2.5) were selected based on pre-
vious works on ceramic discs, especially on graphene/alumina com-
posites [8,9,14,57]. Even though 1300-1350°C sintering temperatures
could be sufficient to produce densified alumina discs, the effect of both
a second graphitic phase embedded in the sample and the release of the
remaining PF127 additive should be considered in the heat and pressure
distributions during consolidation. Higher temperatures also account for
better restoration of the electrical properties in the graphitic network,
for which a temperature of 1500°C was eventually selected, with further
optimisation required in future works.

The fracture surface of sintered rGO/alumina discs was examined by
FESEM (Fig. 7). The freeze-cast structure of reduced GO scaffolds

embedded in the alumina matrix verified the preservation of the align-
ment after consolidation and validated the effectiveness of infiltration.
The alumina matrix was found fully sintered at 1500°C with a mean
grain size of 0.97 £ 0.2 ym (measured by averaging 30 grains)
compared to the 100 nm particle size of the original alumina powder.
These values appeared slightly lower than 1.2 + 0.3 ym obtained for
bulk alumina powder sintered at 1500°C without embedded graphene,
which could be related to a grain boundary pinning effect of the rGO
sheets limiting the alumina grain growth during sintering [Supple-
mentary Figure 7]. Graphene additions have been reported to help
with grain refinement of ceramic matrices sintered through SPS, pre-
venting excessive growth that would otherwise be detrimental for the
properties of the composite [43,58]. After exploring several fracture
sections in the composite, the scaffold channel spacing ranged from 5 to
15 ym depending on the examination area. The cylindrical shape of the
rGO aerogel could lead to stress concentrations under SPS pressing, with
localised areas of the composite subjected to bigger compression selec-
tively reducing the channel width. Another explanation could lie in a
non-homogeneous infiltration of alumina material during previous

Fig. 7. FESEM images showing the fracture surface of rGO/alumina composites, sintered by SPS at 1500°C. (a) and (b) Preservation of alignment of the rGO scaffolds
(5-15 pum channel width) embedded in the alumina matrix. (c) Focused image on pull-out of graphene flakes at the fracture surface.
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steps, which would explain the gaps in the ceramic matrix found upon
sintering as shown in Fig. 7b.

Pull-out of rGO flakes along the fracture surface was also confirmed
in the microscope (Fig. 7c), which could contribute as extrinsic mech-
anisms in deflecting crack propagation and increase the fracture
toughness of the composite material. Despite scaffolds constituting 1 wt
% of the total weight, graphene agglomerates were found after exam-
ining the fracture surface of the composite. Limiting the GO content and
producing scaffolds of lower density is essential to reduce agglomeration
while maintaining the unidirectional alignment provided by freeze-
casting [29]. The relatively low GO lateral flake size of 8 + 2 ym (pre-
viously shown in Fig. 1a) prevented from lowering the GO concentration
in suspension below 0.5 wt% without a significant loss of alignment in
the scaffolds during the freeze-casting stage. As discussed, an adequate
GO precursor plays an essential role in the rheological properties of the
suspension and the formation of liquid crystal phases [48]. The selection
of custom-made GO suspensions with 20 + ym lateral size would
directly improve the proposed processing route, reducing the presence
of agglomerates while limiting the graphene content in the final
composite.

Future steps also include targeting the scalability of the process by
producing larger samples. Scaling-up is still needed to enable the pro-
duction of specimens for mechanical testing, increasing the SPS graphite
die size and evaluating the mechanical properties via strength and R-
curve measurements.

4. Conclusions

The addition of a triblock copolymer (PF127) in the formulation of
water-based alumina slurries provides a remarkable improvement in the
wettability with ultra-light hydrophobic rGO aerogels. PF127/A1,03
content in suspension below 0.15&&wt./wt. can enable the infiltration
with freeze-cast rGO scaffolds that is otherwise unachievable, leading to
highly structured graphene/ceramic composites obtained through the
combination of wet-chemistry processing and sintering. The freeze-cast
scaffold’s alignment was preserved after composite consolidation,
maintaining a graphene interconnected network with channel widths
m. This study presents the basis of a promising water-based
processing route to produce ceramic-based composites with limited
graphene inclusions (1 wt%), with high prospects for obtaining superior
mechanical capabilities and added functionalities.
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