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ABSTRACT: Hybrid coatings consisting of a heat resistant Y,0;—
AL,0;—Si0, (YAS) glass containing 2.3 wt % of graphene nanoplatelets
(GNPs) were developed by flame spraying homogeneous ceramic
powders-GNP granules. Around 40% of the GNPs survived the high
spraying temperatures and were distributed along the splat-interfaces,
forming a percolated network. These YAS-GNP coatings are
potentially interesting in thermal protection systems and electro-
magnetic interference shields for aerospace applications; therefore
silicon carbide (SiC) materials at the forefront of those applications
were employed as substrates. Whereas the YAS coatings are
nonconductive, the YAS-GNP coatings showed in-plane electrical
conductivity (~10* S-m™") for which a low percolation limit (below 3.6

vol %) is inferred. Indentation tests revealed the formation of a highly
damaged indentation zone showing multiple shear displacements between adjacent splats probably favored by the graphene
sheets location. The indentation radial cracks typically found in brittle glass coatings are not detected in the hybrid coatings that

are also more compliant.
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B INTRODUCTION

High-temperature composites used for aeronautics and aero-
space applications consist chiefly of carbon or silicon carbide
matrices reinforced with either carbon or silicon carbide
fibers.”> These composites may experience corrosion and
oxidation damages because of the severe operating conditions
of temperature and atmosphere. Therefore, research on new
lightweight protecting coatings is a main concern for those
sectors, also involved in the shielding against external events
like lightning strike damage and electromagnetic interference
(EMI).”™* A novel trend in this field is denoted by the
development of multifunctional hybrid coatings with multiscale
architectures.”™” In this context, coatings containing graphene
fillers (GFs) are progressively investigated presuming similar
improvements, in electrical, thermal, tribological, and mechan-
ical properties, to those observed in bulk composites.”” Some
glass-ceramic compositions are promising for effective high
temperature protection of engineering components against
corrosion/oxidation with additional self-healing capabilities."’
Hence, the addition of GFs to those glass-ceramics could
improve the system performance by developing extra electrical
and thermal functionalities.

Thermal spraying techniques are industrially implemented
cost-effective coating methods based on heating and accelerat-
ing the source material toward the substrate.'' However,
research on ceramic/GF hybrid coatings is quite limited,
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probably owing to the high processing temperatures normally
involved in thermal spraying techniques that could bring doubts
about GFs damage. The few works'*~'* reporting ceramic/GF
coatings processed by thermal spraying methods are mostly
focused on wear and biocompatibility issues. To the best of the
authors’ knowledge, there is not any work on thermal sprayed
glass-ceramic/GFs coatings intended for protection of high-
temperature aerospace components. In a recent work by some
of the present authors, flame spraying (FS) was applied to
achieve high melting temperature Y,0;—ALO0;—SiO, (YAS)
glass coatings'® that could be effective in thermal protection
systems (TPS). Presently, the feasibility of the flame spraying
method to coat SiC substrates using YAS-graphene nano-
platelets (GNPs) granules is demonstrated. The distribution
and possible degradation of the GNPs is monitored during the
whole process by scanning electron microscopy (SEM) and u-
Raman spectroscopy; furthermore, the thermal and electrical
conductivities of the coating are determined and compared to
the GNPs-free YAS coating. The prospects of a thermally
resistant glass-ceramic/GF hybrid coating attached onto a
silicon carbide substrate exhibiting new functionalities, such as
enhanced electrical conductivity are demonstrated in this work.
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Figure 1. Schematic illustrations of the flame spraying process for the YAS-GNP coating formation including SEM micrographs of the original YAS-
GNP granules (a and b), the FS droplets after quenching in liquid N, (d and e), a single splat spread over a flat surface (f), and the microstructure of
the obtained coating in a polished cross-section (g). The thermogravimetric analysis of the YAS-GNP granules and the hybrid coating is depicted in

().

B RESULTS AND DISCUSION

The schematic description of the YAS-GNP coating procedure
is displayed in Figure 1. The feedstock is formed by granules
YAS containing 6.5 wt % GNPs (Figures la and 1b) fabricated
by spray drying (SD), and consists of spherical shaped particles
of ~30 ym formed by compacted powders enclosing GNPs.
The GNPs show a circular arrangement (Figure 1b) that is
probably linked to the dragging effect caused by the water
ejecting from the atomized droplet and the droplet rotation
induced by the hot air stream throughout the spray drying
process.'

The thermogravimetric (TG) analysis (Figure lc) of the
YAS-GNP granules reveals that weight losses occur in two
different temperature regimes: the first, between 100 and 500
°C, of about 5% is due to residual water evaporation and
burning out of organic additives employed for homogenization
and stabilization of the suspension for the spray drying process
(e.g., residues of either polyelectrolyte, gum arabic, or binder);
and the second, from 500 to 900 °C, amounting to 5.7% of
further weight loss due to the GNPs combustion.

The SEM observation of YAS-GNP beads, obtained by
projecting the FS molten droplets into liquid N,, helps to
visualize the transformations occurring in the sprayed particles
just before impacting on the substrate. The YAS-GNP beads
(Figure 1d and le) show high compactness and the existence of
scattered dark spots on the bead surface that occasionally
emerge as subtle veils (Figure 1d). These dark features are not
detected inside the particles (Figure le). On the whole, these
observations suggest a poor wettability of GNPs by the liquid
formed in the course of the spraying process. This GNP low
wettability together with a buoyancy effect because of their
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inferior density (<2.20 g-cm™), as compared to the typical of a
YAS glass (3.51 g-cm™)," probably produced their expelling
toward the droplet surface all along the particle flight toward
the blank. Hence, when droplets impinge onto the substrate
and rapidly cool down and spread (Figure 1f), GNPs become
trapped between successive splats as the microstructure of the
YAS-GNP coating in cross-section view reveals (Figure lg),
representing well-defined splats flanked by darker features. TG
analysis of the YAS-GNP coating (Figure 1c) shows no signs of
organic additives, that is, no weight loss is detected below 500
°C, thus indicating they have burned during thermal spraying;
consequently, the 2.3% weight loss occurring between 500 and
900 °C is due to the combustion of the GNPs remaining in the
coating. This figure is about 40% of the weight loss detected in
the feedstock for the same temperature interval, and represents
the GNP yield after the FS process. The X-ray diffraction
(XRD) pattern obtained from the top surface of the hybrid
coating (Figure SI in the Supporting Information, SI) evidence
the occurrence of the (003) diffraction peak of graphite and the
presence of an amorphous bump.

Despite the fact that the O,/C,H, combustion takes place in
air atmosphere and involves gas temperatures above 3000 °c,"”
the given thermal spraying conditions involved very short
particle flying times (~2 ms) that probably produced thermal
gradients in the granules, the interior being at lower
temperature than the surface. Both the short time and the
temperature gradient facilitate the GNPs survival, provided that
there is a good dispersion of the GNPs within the granules. In
this way, although the GNPs at the surface would burn rapidly,
those inside the granule would be initially protected by the
surrounding semimolten mass. Eventually, GNPs would
migrate to the droplet surface once YAS melting occurs but,
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Figure 2. Microstructure of the YAS-GNP hybrid coating: (a) assembly of SEM images of the top and cross-section surfaces also showing the silicon
bond coat and the SiC substrate; (b, c) SEM micrographs of the coating fracture surface at different magnification; (d) false colored image built by
filtering the I; signal of the Raman spectra mapping an area of 45 um X 45 um of the hybrid coating cross-section; (e) plots of average Raman
spectrum of the mapped area and the point Raman spectra of X and O spots marked in panel d. Acquisition time of 30 s was used for the point
spectrum of the YAS matrix. White arrows in panel d point to GNPs misoriented from the horizontal axis.
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Figure 3. (a) Thermal diffusivity and conductivity values of YAS and YAS-GNP coatings determined in the through-thickness direction by the laser
flash technique for the 25—400 °C temperature range. (b) V—I curve obtained from DC measurements, using the four probe method, at room

temperature for the YAS-GNP/cordierite system.

as it seems, the kinetics of the whole process is fast enough to
avoid their complete depletion. The presence of GNPs in the
coating justifies the black color of the YAS-GNP coating (see
Figure SI).

As seen in Figure 2a, the flame sprayed YAS-GNP hybrid
coating has the usual splat structure, shows continuity and good
adherence to the Si bond coat, firmly attached to the SiC
substrate as well. The average thickness of the hybrid coating is
169 + 10 pm, quite close to that of the GNPs-free YAS coating
(197 + 19 um) and around 3 times thicker than the breadth of
the Si bond layer (56 + 10 ym).

Both YAS and YAS-GNP coatings reach similar densities
(80% and 76% of the corresponding theoretical densities), but
show some significant microstructural differences; in particular,
the distinctive elongated dark features between the flattened
lamellas perceived in the cross section view of the YAS-GNP
coating (Figure 2a). These features are different from the
residual spherical pores observed in the plain YAS coating (see
Figure S1) and are clearly identified as nanoplatelets in the
fracture surface images of the YAS-GNP coating (Figures 2b
and 2c), where GNPs appear pulling out from the interfaces
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between lamellas. Furthermore, GNPs seem to be mostly
oriented in a parallel manner to the coating surface although
the top coating image (Figure 2a) also reveals the existence of
some nanoplatelets protruding from the coating.

The D- (~1360 cm™), G- (~1595 cm™"), and 2D- (~2717
em™) characteristic Raman bands of graphitic structures'® are
clearly observed in the Raman spectra (Figure 2e) acquired on
the cross-section of the YAS-GNP hybrid coating by mapping a
45 pm X 45 pm area. The Raman intensity image built by
filtering the G-band signal clearly confirms the existence of a
continuous network of GNPs occupying the intersplat spaces
(Figure 2d). The intense background observed in the average
spectrum (Figure 2e), not present in the point spectra of GNP
regions (X mark in Figure 2d), is a fluorescence effect due to
the presence of some porosity and the interfaces. The intensity
ratio between D- and G-peaks (Ip/I;) for the YAS-GNP
average Raman spectrum increases when compared to that for
the original GNPs (shown in Figure S2) from 0.10 to 0.3S,
which could be ascribed to a higher contribution of the
defective GNP edges when analyzing the coating cross-section.
An even higher Ip/I; ratio of 0.38 was calculated for point
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Figure 4. Vickers indentation tests at a load of 2.9 N done on the cross sections of the YAS and YAS-GNP hybrid coatings: (a) examples of
indentation load versus penetration depth curves; (b) hardness (H) and elastic modulus (E); and SEM micrographs showing typical indentations
imprints for YAS (c) and YAS-GNP (d and e) coatings. White and red arrows in panel e point to material pull-out and crack arresting at GNP

interfaces, respectively.

spectra recorded at regions of maximum G-band intensity (X in
Figure 2d).

When analyzing the Raman spectrum of YAS matrix regions
(O marks in Figure 2d and 2e), the band at ~950 cm™
previously ascribed to the aluminosilicate glassy phase'” is
clearly observed. Conversely, the same band is not detected in
the window averaged spectrum because the high Raman
scattering efficiency of GNPs masks any other signals.

The thermal diffusivity (@) and conductivity (k) of the
coatings (Figure 3a) were calculated using a three-layer
model”® from the apparent through-thickness thermal
diffusivity (a,p,,) measured for the “coating/bond-coat/
substrate” systems. The o and « values of YAS were very low
and almost constant with temperature, (3.5—3.1) X 1077 m?*s™!
and 0.59—0.75 W-m™ K™/, respectively, in the 25—400 °C
temperature range, which are common values for glassy and
amorphous materials. The room temperature a (4.9 X 10”" m*
s") and k (0.75 W-m™"K™") values for YAS-GNP coatings are
~60 and 30% higher, respectively, than that for the YAS coating
alone. The increase of the through-thickness thermal
conductivity differs from data reported in bulk GNP/Si;N,
composites, where the in-plane thermal conductivity increased
with the GNP content but the through-thickness decreased due
to the existence of thermal resistances.”’ In those composites,
preferential orientation of GNPs occurs by the alignment of
their basal plane perpendicular to the loading axis of the spark
plasma sintering furnace. However, for the present coatings, the
GNBPs essentially fill the intersplats gaps (Figure 2), therefore,
reducing the thermal resistance associated with the intersplats
boundaries common in thermally sprayed coatings.””>*
Besides, some effect of misorientation of the GNP plane
from the horizontal axis actually occurs (see white arrows in
Figure 2d), thus multiplying the number of GNP-GNP
contacts, with lower thermal resistance than the GNP-matrix
contacts, in the direction perpendicular to the coating surface,
contributing in this way to the observed enhancement of the

through-thickness thermal conductivity. The in-plane apparent
thermal diffusivity at room temperature (see Figure S3) of the
whole YAS-GNP/Si/SiC system also increases (3.08 + 0.03 X
107 m-s™") compared to YAS/Si/SiC system (2.35 + 0.05 X
107 m-s™'), as expected. Consequently, the creation of a
connected GNPs network in the coating slightly increases heat
conduction in both directions. However, a high thermal
conductivity is not the main requirement of surface coating
for high temperature reusable insulation tiles used in TPS.”

Actually, high emissivity and corrosion resistance are basic
issues. In fact, the previously used black borosilicate glass
coatings” have typical thermal conductivity of 1.1 W-m-K™".
The black color of the GNP-YAS coating certainly forecasts a
good behavior in TPS.

The electrical conductivity (o) at room temperature of the
YAS-GNP coating was measured on specimens directly
projected over an insulator cordierite (2MgO-2AL,0;-5Si0,)
substrate. In the case of the YAS/cordierite system, ¢ was below
the experimental detection limit (<107 S m™') whereas for
the YAS-GNP/cordierite system a linear V—I response was
observed in the whole measurement range (Figure 3b), with an
electrical conductivity of 1.4 X 10% S'm™’, that is, 15 orders of
magnitude above that of the GNPs-free YAS coating. These
data indicate that GNPs form a connected network through the
entire coating allowing the current flow across the GNP-GNP
contacts. Therefore, the percolation limit for electrical
conduction in these composite coatings should be below 3.6
vol %, which is in the low boundary of percolation limits
reported for most graphene/ceramic bulks and films as well
(~3—8 vol %).2*"*" Additionally, & of this hybrid coating is
among the highest reported for GNP/ceramic composites with
similar volume fractions of graphene fillers (¢ of 0.4—1.8 X 10*
S-m™"),”’~* with the only exception of a work on rGO/ALO,
composites processed by sol—gel methods reporting a topmost
value of 10* S‘m™ and a percolation limit of 0.38 vol %.”” If the
comparison is restricted to coatings and films, the conductivity
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of the present hybrid coatings is 4 orders of magnitude higher
than that of graphene/SiO, thin films (8 X 107 S'm™") with
similar proportions of graphene.”® The extraordinary electrical
conductivity achieved for the YAS-GNP hybrid coatings
envisages promising applications, like EMI shielding at high
temperature.

Vickers indentation tests for the YAS-GNP coating show
higher penetration depth (~21% increase) and permanent
deformation (~22%) as compared to the YAS coating, for equal
loads (Figure 4a). In the same sense, H data, depicted in Figure
4b, confirm that the YAS-GNP hybrid coating has about 30%
lower hardness (4.7 + 0.5 GPa) than the YAS coating. Similar
trend is found for E as it decreases from 98 + 9 GPa for the
YAS coating to 64 + 10 GPa for the YAS-GNP (35% lower).
Parallel declining trend on hardness and elastic modulus has
been reported for bulk ceramic and glass systems by adding
graphene nanostructures.”**> For present coatings, the location
of GNP at the intersplat boundaries and the feeble attachment
to the surrounding matrix (Figure 2) could favor easy shear at
these boundaries. This effect is not necessarily detrimental as it
increases the deformability of these coatings which would
improve their strain tolerance.

Finally, as shown in Figure 4d and 4e, the indentation
imprints for the YAS-GNP hybrid coating show quite different
features from those observed for the YAS coating (Figure 4c).
First, radial cracks emanating from the indentation corners,
which are typically generated in the brittle YAS coating (Figure
4c), are not developed in the YAS-GNP coating (Figure 4d and
4e); instead a highly damaged indentation zone showing
material pull-out is perceived in some cases (Figure 4d), while
other indentation imprints exhibit signs of certain shear
displacement between adjacent splats (white arrow in Figure
4e). All these effects are compatible with the occurrence of
weak interfaces at the intersplat boundaries where graphene
sheets are situated. It is recognized that a “weak” interface in
brittle matrix composites has a fracture energy which satisfies
debonding requirements in the presence of matrix-fiber
cracks.”® The propagation of cracks is then subjected to
mode mixity, debonding and large-scale bridging. Conse-
quently, there is an increased toughness dominated by frictional
dissipation at sliding interfaces, coupled with the eftects of the
large-scale bridging and pull-out phenomena. Under the
complex indentation stress field, sliding at these weak interfaces
and also dissipative friction effects are plausible, thus dissipating
energy and reducing main crack propagation. The observed
indentation imprint features point toward an enhancement of
the coating toughness due to the presence of GNPs. In fact, in
cases where small indentation median cracks generated at the
imprint corners (see red arrows in Figure 4e), they are always
arrested when reaching GNPs. The observed differences
between indentation imprints (Figure 4d,e) are due to several
effects as the large lateral dimensions of the splats (>30 pm)
that form the coating and the GNPs location at the intersplat
boundaries. As a consequence of the reduced size of the
coating, the use of high indentation loads was avoided; for low
loads, the corresponding indentation volume is small compared
to the characteristic microstructural feature size, and then, the
developed stress field strongly depends on the point where load
is applied, that is, center of a splat, intersplat boundary or a
triple point, explaining the different indentation features shown
in Figure 4d and e. In any case, for H and E estimations only
well-developed indentations as that of Figure 4e were
considered.

B CONCLUSIONS

A thick glass-graphene hybrid coating of ~170 um was
successfully produced by flame spraying an in-house processed
feedstock over a silicon carbide substrate. The homogeneous
mixture of the Y,0;—Al,0;—SiO, ceramic composition and the
graphene nanoplatelets inside the feedstock granules assured
the GNP survival in the hybrid coating in spite of the high
temperatures and oxidative environment of the flame spraying
process. The developed coating contains 3.6 vol % of highly
crystalline and oriented GNPs located at the intersplat sites
forming a percolated network. Accordingly, this coating shows
extraordinary high electrical conductivity (1.4 X 10*> S-'m™) as
compared to the insulating GNPs-free coating. The hybrid
coating also shows increased thermal conductivity (30%). The
indentation imprints show strong interactions with the coating
microstructure, where GNPs preclude the crack advance. The
reduced elastic modulus of this hybrid material helps to
increase the compliance and improve the strain tolerance of
these coatings. All these properties, combined with the self-
healing capability of the matrix, open new prospects for
innovative applications of these hybrid coatings like TPS or
EMI protection in aerospace applications.

B EXPERIMENTAL SECTION

The YAS composition 17.5Y,0;—29.5A1,0;—53.0Si0, (in mol %) was
selected because of its glass formation ability and its thermal expansion
coefficient close to that of the SiC substrates.'>*” High purity powders
(>99.5%) were employed for preparing the glass composition, in
particular Y,0; (H.C. Starck, Germany), ALO; (SMS8, Baikowski,
France), and SiO, (Alfa Aesar, Germany). Commercially available
GNPs (N008-100-P-10, Angstron Materials Inc.,, U.S.) with nominal
length between 5—10 ym and thickness of 50—100 nm were used as
filler in a concentration of 10 vol % (6.5 wt %). The YAS powders
were homogeneously mixed by attrition milling for 1.5 h in water with
04 wt % of a polyelectrolyte dispersant (Dolapix CE 64 CA,
Zschimmer- Schwarz, Lahnstein, Germany). Meanwhile, a stable
suspension of GNPs in water with 4 wt % gum arabic (Sigma-Aldrich,
U.S.) was prepared in an ultrasonic bath (100 W, 50/60 Hz, J. P.
Selecta Ultrasons, Spain) for 30 min. Both GNP and YAS suspensions
were gointly attrition milled for 30 min. The suspension was freeze-
dried®® to avoid the segregation of the different constituents. YAS-
GNP hybrid granules with the adequate size distribution and
morphology for the flame spray process were obtained by spray
drying using a 50 wt % solids content water suspension of the powders
mixture and adding a S wt % of binder (Optapix PS 94, Zschimmer-
Schwarz, Germany).>® A similar process was used for preparing the
plain YAS feedstock. The SD powders were flame sprayed onto
conditioned SiC and cordierite substrates (see Figures S4 and SS)
using an oxyacetylene gun (CastoDyn DS 8000, Castolin-Eutectic,
Spain) with a gas mixture of O,/C,H, in the ratio of 33/24 SLPM
(standard liters per minute) and a stand-off distance of 14 cm.
Similarly, the YAS-GNP powders were FS into a metal container filled
with liquid N, for attaining flame spheroidized beads.*” These beads
helped to understand changes occurring in the YAS-GNP granules
throughout the spraying process.

Weight loss up to 1400 °C of the YAS-GNP granules and the
corresponding powdered freestanding coating were recorded by TG
analysis (STA 409 Netzsch, Germany) in air at a heating rate of 10 °C-
min~" to have an appraisal of the GNPs content in each stage of the
preparation process.

Densities (p) of 2.80 and 2.56 g-cm™ were measured on YAS and
YAS-GNP freestanding samples by the water immersion method,
which gives relative densities of 80 and 76% of the theoretical value,
respectively, calculated considering the densities of the YAS glass'
(3.51 gem™) and the GNPs (2.20 g-cm™).

The microstructure of SD granules, FS beads and coatings was
examined on the fracture surface, upper surface and polished cross
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section with both table-top SEM (TM1000, Hitachi, Japan) and FE-
SEM (S-4700 Hitachi, Japan). Raman spectra were recorded from
cross-sectioned polished coatings at room temperature using a
confocal p-Raman imaging system (Alpha 300 WITec GmbH,
Germany) with a laser excitation wavelength of 532 nm. Raman
maps of 150 X 150 pixels, recording one spectrum per pixel and using
60 ms of acquisition time, were recorded on 45 ym X 4S5 ym scanned
areas of the hybrid coating.

YAS/Si/SiC and YAS-GNP/Si/SiC square specimens with lateral
dimensions of 8.8 and 20 mm were used for measuring apparent
through-thickness and in-plane thermal diffusivity, respectively, by the
laser-flash method (Thermaflash 2200, Holometrix/Netzsch, U.S.).
The total thickness of both types of specimens was 0.86 mm; the top
glass coating with thickness ~0.20 mm, the Si bond coat with ~0.06
mm and the SiC substrate with ~0.6 mm. The samples where coated
with colloidal graphite to enhance absorption of the laser beam. The
through-thickness a,,, measurements were done in Ar atmosphere
from 25 to 400 °C. From the a,,, values, and considering reported
thermal properties for SiC and Si,** the thermal diffusivity and
conductivity of the coatings were calculated using the analytical model
for heat diffusion in three layered systems*® and iterative software
routines. The measured density and the specific heat (C,) estimated
by the rule of mixtures using thermodynamic data*' were used in the
calculations. In-plane @, of the systems was measured at room
temperature using a distinct setup (see Figure S3) and a two-
dimensional model** for analyzing the recorded temperature rise. Data
were averaged over at least 5 measurements.

DC electrical conductivity was measured using the four-probe
method on samples with dimensions 15.5 X 5.5 X 3.0 mm® machined
from the YAS and the YAS-GNP hybrid coatings directly sprayed over
insulating cordierite substrates (see Figure SS). Pt wires were attached
to the lateral surfaces of the coating/cordierite system using Ag paste.
An Autolab potentiostat/galvanostat (Autolab PGSTAT 302N, Eco
Chemie, The Netherlands) was employed in galvanostatic config-
uration for assuring a fixed DC current. The voltage drop was recorded
at two inner Pt electrodes separated by a distance of S mm. The
resistance of the system was calculated from the slope of the V-I
curve. As cordierite is a dielectric material, the conductivity was
deduced considering as effective conducting area that of the coating
cross section, that is, ~0.12 X 3 mm? (configuration shown in Figure
3b).

Elastic modulus and hardness were evaluated on the polished cross
sections of the coatings by instrumented Vickers indentation (ZHU
2.5; Zwick GmbH & Co. KG, Germany), which simultaneously
records load and indentation depth. The elastic modulus of the
material was calculated according to the Oliver—Pharr method* from
the reduced modulus. At least 10 measurements at a load of 2.9 N,
applied for S s, were completed for each sample. The indentation
imprints were analyzed by FE-SEM.
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