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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen Thermal barrier coatings (TBCs) are essential for improving the heat resistance of materials operating in high-

temperature environments. This paper proposes a new method for manufacturing double-layered TBC with

KeyWDrdsf ) ) graded porosity for carbon fiber-reinforced plastic (CFRP) composites. The TBC was created by a flame spraying
Car!”“ fiber-reinforced plastic (CFRP) com- process, consisting of relatively dense and porous layers: (1) a dense layer was produced by spraying yttria-
posite . ) stabilized zirconia (YSZ) particles directly onto neat carbon fabric substrate and (2) a porous layer was pre-
Thermal barrier coating (TBC) . . . o s . .

Porosity pared by co-spraying YSZ particles with sacrificial polyetheretherketone (PEEK) particles. The porosity of the

porous layer was controlled by varying a PEEK injection distance (D) and a PEEK feed rate (R). The correlation
between porosity and thermal conductivity of the TBC layer was investigated to assess its thermal barrier per-
formance. The TBC fabricated with the D = 5 cm and the R = 1.0 g/min offered the optimal porosity and
conductivity. The 640pm-thick TBC with 34% porosity and 0.27 W/m-K thermal conductivity protected the CFRP
substrate remarkably under the subjected torch at 500°C, as the TBC layer reduced the surface temperature of
CFRP to 230°C. Thermomechanical analysis, following thermal shock tests, revealed that the double-layered
TBC/CFRP composite retained 87% and 75% of its pristine flexural strength and modulus, respectively, while
the neat CFRP composite was completely burnt out. This study explored the application of flame spray tech-
nology to develop highly effective double-layered TBCs with tunable porosity to maximize their thermal barrier
performances. All results from the current study provide new insights into the design and development of TBC
and CFRP composites, which will benefit a wide range of lightweight high-temperature applications.

Thermal conductivity
Thermal resistivity

1. Introduction

Carbon fiber reinforced plastic (CFRP) composites have been
extensively used in aerospace, automotive, and energy industries due to
their excellent strength/modulus-to-weight ratio [1-3]. The Airbus
A350, the first aircraft whose fuselage and wing structures are made of
CFRP, recently crashed at Haneda International Airport. Despite the
ensuing fire (above 2000°C [4,5]), the CFRP fuselage and wing struc-
tures delayed the spread of flames and heat transfer into the cabin for up
to 90 s, preventing casualties and allowing facilitating crew and pas-
sengers to evacuate [6,7]. However, the aircraft eventually combusted
completely, highlighting the poor thermal instability of thermoset
polymers (i.e., bismaleimide, epoxy, and vinyl ester); these polymers are
flammable and begin to decompose at ~330°C [8]. As in the example
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above, the low thermal stability of polymer matrix composites (PMCs)
poses a critical challenge that limits their applications under extreme
environments. This is in contrast to metal matrix composites (MMCs)
and ceramic matrix composites (CMCs), which can operate at high
temperatures (typically exceeding 1000°C [9-11]).

CFRP composites for high-temperature applications require thermal
barrier coatings (TBCs) that provide significant thermal gradients and
dissipate heat, extending their lifetime in high-temperature environ-
ments [12-14]. Conventional TBCs are commonly applied to metallic
substrates and manufactured by electron-beam physical vapor deposi-
tion (EB-PVD), chemical vapor deposition (CVD), and thermal spraying
[15]. Among the aforementioned techniques, thermal spraying is widely
preferred owing to its simplicity, short processing time, and high scal-
ability for large-scale applications. The fundamental mechanism of
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thermal spray coating is that particles that are molten or partially
molten by heat are accelerated using gas flow to collide with the sub-
strate and solidify, where they rapidly solidify to form a robust me-
chanical bond [16-18]. Flame spraying, one of thermal spray coating
methods, uses the combustion heat of mixed gases, reaching tempera-
ture of up to 3000°C, to melt the coating particles [19]. Flame spraying
has a relatively lower flame temperature than both wire arc spraying
and air plasma spraying, each reaching temperatures of 4000°C and 12,
000°C [20-22]. The lower flame temperature reduces dramatically with
distance from the torch, making it suitable for polymer fabrics including
carbon fabric (CF) [23]. In addition, this method offers exceptional
portability and adaptability for manual operation, facilitating the
coating of complex-shaped substrates.

During thermal spray coating, TBC microstructure can be controlled
by adjusting various parameters, including the particle size and shape of
the coating materials, injection rate, spray distance, and angle between
the spray machine and the substrate [24-26]. TBCs are typically studied
at porosity levels of up to ~15% to preserve their mechanical and
anticorrosion properties at high temperatures [27]. However, re-
searchers have recently explored deliberately controlling the pores of
TBCs to reduce their thermal conductivity and investigate the impact of
pore size, shape, and distribution on TBC properties because the pores
can effectively reduce thermal conductivity [28,29]. Bowen et al. [30]
demonstrated that graded porous TBCs, with porosity decreasing from
top to bottom, exhibit lower thermal conductivity and improved
delamination resistance compared with specimens with uniform
porosity distributions. Several studies have been conducted to study the
thermal performance of CFRP composites and suggest materials solu-
tions to improve their high-temperature performance. Suryanarayanan
et al. [31] fabricated aerogel-protected CFRP composites via a repetitive
dip coating process. At 100°C, a 700 pm-thick aerogel/epoxy coating
layer reduced the back-surface temperature of a CFRP specimen by
~50°C. Laungtriratana et al. [32] fabricated glass fiber-reinforced
polymer (GFRP) composites using the hand lay-up method with
post-curing at 80°C for 6 h, incorporating a thin phenolic coating layer
with various ceramic particles (nano clay, glass flakes, SiO3, Al;TiOs,
Zr03). They also added additional sieved ceramic particles before the
curing of the phenolic coating and then co-cured at room temperature
for 12 h and 80°C for 24 h. When a heat flux of 35 kW/m? was applied,
the time needed by the back-surface temperature of the GFRP specimens
covered with sieved Al;TiOs particles to reach 180°C and 250°C
increased by 49 s and 63 s, respectively, compared with those of the
control sample (a GFRP specimen without a ceramic coating layer); this
time delay indicates the materials’ improved thermal endurance.
Golewxki et al. [33] used an alumina (AlyO3) fiber mat with an epoxy
resin binder as a TBC layer for CFRP composites. Ceramic mat/CFRP
specimens were manufactured in an autoclave by laminating the
ceramic mat on CFRP prepregs and then impregnating an uncured epoxy
binder resin. A 5 mm alumina TBC layer reduced the back surface
temperature of the CFRP specimen to 150°C when subjected to 800°C for
1 min. However, the TBC layer was damaged due to the thermal
decomposition of the epoxy binder. Fabrizia et al. [34] used a 62 pm
thick graphene nanolayered film as a TBC, which was then co-cured with
CF prepregs. When heated by a laser at 100 kW/m?, the surface tem-
perature reached approximately 520°C, and after passing through a 1.7
mm thick CFRP, the temperature was about 220°C. However, the
coating layer’s swelling and the CFRP delamination were observed. Ju
et al. [35] fabricated a carbon nanotube (CNT)-reinforced ceramic TBC
layer by polymer infiltration and pyrolysis (PIP) and co-cured with the
carbon fiber/bismaleimide (BMI) composite substrate. The TBC con-
taining CNTs exhibited excellent structural integrity and
high-temperature tolerance but showed considerable weight loss
(~24%, when subjected to >610°C) owing to BMI’s thermal oxida-
tion/decomposition. As well known in the open literature, the PIP pro-
cess is performed under high-temperature and high-vacuum conditions,
leading to lengthy durations, size limitations, and expensive
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manufacturing costs [36]. Our previously published paper [37] pro-
posed a porous Al,O3-based TBC layer for CFRP composites. The TBC’s
porous structure formed mechanical interlocking through epoxy
branches, increasing adhesion with the CFRP composite substrate and
providing improved thermal barrier performance by reducing the
overall thermal conductivity of the TBC layer. When the TBC/CFRP
composite specimens were exposed to 500-700°C flame for 10 min, a
1.45 mm-thick AlyOs-based TBC remarkably reduced the CFRP speci-
mens’ surface temperatures to 188—228°C.

The paper aims to fabricate a non-flammable TBC layer for the CFRP
substrates to protect them against high temperatures. Flame spraying
was conducted to fabricate a yttria-stabilized zirconia (YSZ)-poly-
etheretherketone (PEEK) hybrid double-layered TBC on a desized CF
substrate. A YSZ-PEEK hybrid double-layered TBC layer was manufac-
tured on the dry CF; a dense YSZ layer was first flame-sprayed on a
desized dry CF, followed by the co-spraying of PEEK powder to form a
YSZ-PEEK layer. The PEEK material was subsequently removed via heat
treatment to create pores. The porosity of a YSZ-PEEK layer was
controlled by adjusting the PEEK injection distance (D) and the PEEK
feeding rate (R). The optimal porosity levels, balancing the thermal
conductivity and mechanical properties of the TBC, were controlled
through adjustments in the flame spraying parameters. The double-
layered TBC/CFRP composite was manufactured via two-step curing:
the pre-curing of the CFRP substrate and post-curing for combining the
TBC and CFRP. Thermal shock tests at 500°C for 10 min demonstrated
that the 640 pm-thick TBC layer reduced the surface temperature of the
CFRP to approximately 230°C, providing effective thermal protection
performance. Subsequent flexural tests on the TBC/CFRP specimens
subjected to 500°C showed 13% strength degradation and 25% modulus
degradation compared with the control specimen. This paper aims to
provide new insight into designing and developing an effective hybrid
TBC layer with graded porosity, which will benefit a wide range of CFRP
composite applications in extreme conditions.

2. Materials and experimental process
2.1. Materials

The ceramic powder materials typically used for TBCs require high
melting temperatures, low thermal conductivity, and mechanical
endurance to retain their mechanical integrity at their operating tem-
peratures [38-40]. YSZ powder is a common TBC ceramic powder that
has a melting point of 2700°C [41,42], thermal conductivity of 1.5-2.5
W/m-K at 25—-1000°C [43], and remarkable strength and toughness.
This study used 7-8 wt% YSZ powder (Sewon Hardfacing Co. Ltd., South
Korea) as a backbone of double-layered TBC. PEEK (Victrex, UK) was
used as a pore-forming material that controls porous structure by
decomposing during the heat treatment after being sprayed with YSZ.
The 3K plain-woven CFs (T300, 200 g/m?, Toray, Japan) with sizing
treatment were used as the TBC substrate and underlying CFRP com-
posite. An unmodified, medium viscosity liquid epoxy resin (YD 128,
Epotec, USA) derived from bisphenol-A, a reactive butyl glycidyl ether
diluent (BGE, Kukdo Chemicals, Korea), and a polyamide hardener
(G-640, Kukdo Chemicals, Korea) were used as matrix.

2.2. Specimen fabrication

The TBC layer was fabricated as a double-layered structure on a dry
plain-woven CF substrate using the flame spraying process (Fig. 1a).
Prior to the flame spraying, the CF substrate was subjected to a metic-
ulous manual rubbing process in an acetone bath to remove the sizing
agent. This process rearranges inter yarn pores in the open-structured
woven CF by spreading individual carbon fibers within a tow. After
the desizing treatment, open pores in the fabric can be eliminated,
providing a dense coating layer without discontinuities in the TBC layer.
To ensure a stable CF substrate without wrinkles caused by the high-
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Fig. 1. (a) Experimental setup of flame spraying and (b) coating pattern.

velocity flame during flame spraying, a frame-shaped steel guide (inner
cut-out dimensions 60 x 60 mm?) was used as the holder. A dense YSZ
layer was first coated on the desized CF substrate via flame-spraying of
YSZ powders. The PEEK was then co-sprayed with YSZ on the dense
layer, creating an additional YSZ-PEEK coating layer. Flame spraying
was conducted using a flame spray gun (CastoDyn DS8000, Eutectic
Korea Ltd., Korea) operating at an oxygen and acetylene pressure of 4
MPa and 0.12 MPa, with a corresponding gas flow rate of 7.5 m/s and
1.3 m/s, and ignited by lighter. These conditions, identified through
preliminary experiments, represent the optimal process parameters
determined during flame spraying. All the coating processes were per-
formed using a raster pattern (Fig. 1b) with an overlap of 5 mm. The
number of coating passes was determined to ensure complete coverage
and uniform thickness of the entire area of the desized CF. The standoff
distance (Ds) between the CF substrate and flame gun was fixed at 14 cm,
while the horizontal substrate moving speed (V) was set to 550 mm/
min. All parameters for fabrication of double-layered TBC used in the
present study are summarized in Table 1. An approximately 207pm-
thick dense YSZ layer was formed by four passes of flame-spraying
coating over the plain-woven CF substrate. Subsequently, the YSZ-
PEEK layer was overlaid with a thickness of 250-580 pm, based on
the co-spraying conditions D and R in Fig. 1a, both of which were var-
iables to control the microstructure of a porous TBC layer. During flame
coating, the CF substrate was cooled down at room temperature, and
every two coatings passed to avoid potential damage to the CF substrate.

After flame spraying, the double-layered TBC-coated CF substrate
was subjected to heat treatment at 500°C for 5 h to decompose the PEEK
particles in the YSZ-PEEK layer (Fig. 2). This heat treatment transformed
the PEEK-occupied volumes into pores, thus forming a porous YSZ layer.

The TBC/CFRP composites were manufactured by the vacuum-
assisted resin transfer molding (VARTM) process (Fig. 3). The YD 128
epoxy resin and reactive BGE diluent were mixed in a 9:1 wt ratio to
promote resin impregnation during the VARTM process. The G-640
polyamide hardener was then added with the epoxy-diluent mixture in a
10:6.4 wt ratio, followed by degassing for 30-40 min. 12 plain-woven
CFs were partially cured by the epoxy-diluent-hardener mixture at
80°C for 30 min (Fig. 3a). The TBC-coated CF, fabricated with D = 5 cm

Table 1

Fabrication parameters of double-layered TBC.
Parameter Value
Pressure of O, (MPa) 0.40
Pressure of C,H, (MPa) 0.12
Standoff distance (Ds, cm) 14
Substrate moving speed (Vs, mm/min) 550
Substrate dimensions (mm?) 600 x 600
Number of coating passes for the dense layer 4
Number of coating passes for the porous layer 6
Distance between the flame spray gun and PEEK feeder (D, cm) 2/5/8
PEEK feed rate (R, g/min) 0.8/1.0/1.3
Temperature of heat treatment for PEEK degradation (°C) 500

Time of heat treatment for PEEK degradation (h) 5

and R = 1.0 g/min, was then placed on top of the partially-cured
laminated woven fabric composite. The TBC/CFRP composite was
then co-cured according to the manufacturer’s recommendation (80°C
for an additional 3.5 h [44]), as shown in Fig. 3b.

2.3. Material characterization

Scanning electron microscope (SEM, Verios, Nano SEM 460; FEI,
USA) and optical microscope (OM, VHX-900 F, Keyence Corporation,
Japan) were used to observe key microstructure features, including the
YSZ, PEEK, and corresponding pore fractions within the TBC layer. The
particle size distribution, porosity, and thickness of the porous TBC layer
were analyzed using ImageJ software on the SEM and OM images.
Porosity was analyzed from at least 10 different cross-sectional images,
and thickness was measured at more than 100 points. The composition
of the TBC was investigated using an energy-dispersive X-ray (EDX)
spectrometer. The porous specimen density was calculated using the
Archimedes method, and the bulk and apparent densities were calcu-
lated using Eqns. (1) and (2) following ASTM C373 [45]:

. mg W,

Bulk density (pb):(V+V +V):W —dW . 1)
. m; W,

Apparent density (p,) = ATARL AT jW . )

where mg represents the weight of the sample, and Vi, V,, and V,
represent the true volume, captured pore volume, and open pore volume
of the sample, respectively. Alternatively, the density can be calculated
by measuring the dry weight W, wet weight W,,, and soaking weight
W;. In this work, the W; was determined by immersing the sample in
distilled water at room temperature for a minimum of 3 h. The bulk
density (Eqn. (1)) represents the density considering the volume of open
pores, differing from the apparent density (Eqn. (2)) which includes only
internal pores. Each density is measured based on weight, thus can be
used to calculate actual open pore fraction in the total pore volume, as
follows:

popm:ﬁx 100:(1 - &> % 100 3
Thermal diffusivities of the TBC, CFRP substrate were measured
within the temperature range of 25-400°C using laser flash analysis
(LFA) (LFA 467, Netzsch, Germany) at least three times. To measure the
thermal conductivity of the pure TBC and compare the porosity effect,
the CF substrate used in the flame spraying process needed to be
removed. This was achieved by treating the samples in a furnace at
800°C for 3 h to ensure complete removal. Specific heat, ranging from
0—450°C at a rate of 10°C/min, was analyzed using DSC (DSC 214
Polyma Netzsch, Germany) three times with approximately 12 mg of the
sample, and thermal conductivity was calculated using Eqn. (4).

A=axpxC, 4
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Fig. 2. Schematic of double-layered TBC fabrication.
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Fig. 3. Schematic of TBC/CFRP composite manufacturing process: (a) precuring process of the CFRP substrate and (b) post-curing of the TBC/CFRP composite.

where ) represents the thermal conductivity. a,p, and C, represent the
thermal diffusivity, density, and specific heat, respectively. The average
thermal diffusivity and specific heat are shown in Tables S1 and S2. In
this study, the p, considering open pores and internal pores were used as

p.

2.4. Thermal shock tests

Fig. 4 shows a schematic of the thermal shock test setup for evalu-
ating the thermal barrier performance of the TBC/CFRP composite, as
presented in our previously published study [37]. Thermal shock tests
were performed using a methane gas burner with an 11 mm diameter for
10 min. To prevent direct contact of the flame with the upper surface
and edge side of the specimens, the pristine CFRP and TBC/CFRP
specimens were each dimensioned to 50 mm x 50 mm x 2.98 mm and

IR thermometer

(Tcrrp)
-7 FRP
= e —— N
_ - «— TBC
T = 0,
‘ u=500°C i

Thermometer
with thermocouple

—_ 1
Methane gas burner

Fig. 4. Schematic of the thermal shock test.

50 mm x 50 mm x 3.66 mm thickness. These specimens were tested at
least five times. Each specimen was clamped at a distance above the
burner, and the flame temperature (Ty) was controlled by adjusting the
distance between the burner and the specimen. For the thermal shock
test at Ty = 500°C considered in the present study, the specimens were
2.3 cm away from the methane gas burner. The methane gas flow rate
was fixed at 115 cm®/min. The surface temperature of the CFRP sub-
strate (Tcprp) Was carefully measured using an infrared (IR) thermal
imaging camera (T62101, FLIR). The angle and distance between the
specimen and the IR thermal imaging camera were 30° and 500 mm,
respectively. The emissivity of the CFRP specimen was set to 0.96 in the
IR thermal imaging camera. More details on thermal shock test config-
uration and procedure can be found in reference [37].

2.5. Mechanical test

Three-point flexural bending tests were performed at least three
times for each material/test configuration, according to ASTM D790
[46], to characterize the failure mechanisms of the TBC/CFRP com-
posite specimens after thermal shock. The three-point bending tests
were conducted using a universal test machine (Instron 4464, Instron,
USA). After the thermal shock test, the TBC/CFRP specimens with
in-plane dimensions of 50 mm x 50 mm were trimmed to 50 mm x 12.7
mm using a waterjet cutter, retaining only the central portion. The
specimens with thermally shocked region were tested at a crosshead
speed of 1 mm/min with a span length of 40 mm. Various damage
modes, including delamination, matrix cracks, and matrix thermal
decomposition in the TBC/CFRP specimens were investigated using OM
images. The tensile adhesion/bonding strength of the TBC to the CFRP
substrate was evaluated. The tensile adhesion test was performed using a
universal tensile testing machine (TOFO-330R6, TOFO, Republic of
Korea) at a 1 mm/min speed according to ASTM C633 [47]. The
TBC/CFRP specimens were attached to a 2.5 mm x 2.5 mm rectangular
fixture using an epoxy adhesive (DP460, 3 M, USA). To analyze the
adhesion between TBC layer and CFRP substrate, a ~640 pm dense YSZ
layer was used, which is used as the first layer in the TBC system to avoid
resin outflow.
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3. Results and discussion
3.1. Flame-sprayed TBC

Fig. 5a and 5b show the particle shape and size distributions of YSZ
and PEEK powders, respectively. The size of YSZ particles was deter-
mined based on their diameter, while that of PEEK particles was
determined based on the longest length between their vertices. YSZ
powders were spherical with a 25 pm average diameter and showed a
relatively narrow size distribution. In contrast, PEEK powders showed
irregular shapes with a wide particle size distribution ranging from 9 to
135 pm.

The flame spraying process for producing a YSZ coating poses diffi-
culties. These difficulties can be attributed to the use of an acetylene-
—-oxygen mixture during this process, which can achieve a maximum
heating temperature of only ~3000°C. This temperature is insufficient
to rapidly melt YSZ particles because of the low residence time of these
particles in the flame stream. Therefore, achieving uniform YSZ coating
on CF substrate is challenging [48,49]. Therefore, during a preliminary
experimentation step, several adjustments were made to identify key
process parameters, including the D, Vs, and the flow rate of gases for
YSZ flame spraying. Notably, the acetylene gas flow rate emerged as the
most influential parameter in achieving a uniform YSZ coating on the
desized CF; the flame spraying conditions considered in this work are
presented in Table 1. Fig. 6 shows the effect of the desizing of the neat CF
on the TBC layer. Remarkably, the pristine TBC layer (Fig. 6a) shows
multiple holes-sized dimensions of 480 pm x 568 pm at the warp-weft
intersection of the neat CF even after the YSZ coating. During the
TBC/CFRP composite manufacturing process, epoxy resin can be infused
to fill these holes, and it can potentially ignite when exposed to high
temperatures. In contrast, the acetone-treated CF (Fig. 6b) exhibits a
continuous surface with fiber tow width ranging from 1.4 to 1.8 mm
without visible open holes after YSZ coating.

For heat shielding, thermal conductivity should be kept low to pre-
vent external heat sources from transmitting inward [50]. The thermal
conductivity of the TBC layer can be tuned by controlling its micro-
structure. An increase in TBC’s porosity is one of the most effective
parameters that reduce its overall thermal conductivity. In this work, the

¥(b) PEEK

i 2
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PEEK powders were co-sprayed as a sacrificial material with YSZ pow-
ders to fabricate the YSZ-PEEK layer as a pre-stage of the porous TBC
layer. Note that the PEEK was chosen because of its high thermal
degradation temperature (500-700°C), which can withstand exposure
to a high-temperature flame stream during spraying without burning out
completely. The PEEK powders present within the YSZ-PEEK layer were
selectively removed at a temperature lower than the melting tempera-
ture of YSZ (2700°C), but at an initial decomposition temperature of
PEEK (~500°C). After this heat treatment, the areas pre-occupied by
PEEK powders were then left empty and porous YSZ microstructure can
be formed. The black regions on the YSZ-PEEK layer surface (Fig. 7a)
indicated partial thermal degradation of PEEK. The black regions
darkening from top to bottom were attributed to the movement of the
flame-spraying gun. During repeated coating passes, the previously
coated PEEK was thermally degraded (turning black) and gradually
removed by the flame stream, transforming into white areas. The SEM
images shown in Fig. 7a reveals thermally damaged PEEK particles
(yellow arrows) adhered between YSZ splats at the TBC surface and
cross-section. Some of the YSZ particles maintained their original
spherical shape without complete melting (see the magnified depiction
of Fig. 7a surface), supporting the insufficient flame temperature and
exposure time for YSZ material to melt. Fig. 7b shows the same layer
with all PEEK particles removed, where several pores are clearly
observed after heat treatment of CF-coated YSZ-PEEK at 500°C for 5 h.
However, some of residual PEEK particles are observed in internal pores
as shown in the cross-sectional and EDS mapping images, where red
represents carbon (C) from PEEK, and blue represents zirconium (Zr)
from YSZ. These pores are more distinctly discernible than in Fig. 7c,
where the YSZ coating layer has smoother surface roughness/texture.
The observations suggest that all PEEK powders with various sizes can
be converted into pores after heat treatment, thus it is feasible to control
the overall porosity and thermal conductivity of the YSZ layer.

The dense layer of the double-layered TBC plays a crucial role in
preventing upstream of the resin during TBC/CFRP composite
manufacturing and enables mechanical interlocking with the desized
CF. The porous top layer had numerous pores and low thermal con-
ductivity, which helped promote the thermal barrier performance.

Fig. 8 shows a cross-sectional SEM images of the double-layered TBC

N
N

10 20 30 40 50 60

Diameter (um)

NN

7 7 7%
CHOAH A B
40 60 80

%
Length (um)

Fig. 5. SEM images and particle size distribution of (a) YSZ (used as a thermal barrier material) and (b) PEEK (used as a pore-forming agent).
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Fig. 7. Visual inspection, SEM images and energy-dispersive X-ray element mapping of C (PEEK-red) and Zr (blue) in (a) YSZ-PEEK layer, (b) heat-treated co-sprayed
YSZ-PEEK layers (D = 5 cm and R = 1.0 g/min) and (c) sprayed YSZ layer (Ds = 14 cm). For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.

layers fabricated with various D, while R was kept as the same (R = 1.0
g/min). The dense layer was produced by flame spraying YSZ under the
conditions provided in Table 1, while the porous layer was sprayed with
YSZ under the same conditions and PEEK with D = 2, 5, and 8 cm. The
TBC-coated CF substrate was then heat-treated at 800°C for 3 h to
achieve the free-standing coating and was subjected to thermophysical
property measurement. Furthermore, the standard metallographic pro-
cedure (mounting, curing, cutting, and polishing the samples down to 1
pm in a colloidal liquid) was conducted to achieve scratch-free micro-
structural features. The SEM observation (Fig. 8) shows that the dense

layer was about 207+16 pm thick in all three coatings, and the porous
layer considerably varied in thickness and porosity because of the
variation in D. Simiarily, as shown in Fig. 9, the TBC fabricated with
various R, while D was kept as the same (D = 5 cm), exihibited a dense
layer with comprable thickness and a porous layer with various thick-
ness. In fact, the differences in D and R altered the temperature and
velocity of the flame streams because of the inflight PEEK particles,
substantially influencing the coating microstructure [51].

Fig. 10 shows the TBC porosity and thickness as a function of D and
R. At R = 1.0 g/min and D = 2 cm (Fig. 10a), the flame stream
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201lm

Fig. 8. Cross-sectional observation of a double-layered TBC layer fabricated at various PEEK injection distances D: (a) 2 cm, (b) 5 cm, and (c) 8 cm (PEEK feed rate R

= 1.0 g/min).
(a) R= 0.8 g/min (b) Ri= l.“,‘,_,'/nyli!l

PorousyYSZ

(¢) R=1.3 g/min
-

Porous YSZ

Fig. 9. Cross-sectional images of double-layered TBC depending on the PEEK feed rate R (a) 0.8 g/min, (b) 1.0 g/min, and (c) 1.3 g/min (PEEK feed distance D =

5 cm).

temperature was considerably high. Thus, PEEK underwent thermal
decomposition before forming the YSZ-PEEK layer. This eventually
resulted in small pores and low porosity in the TBC. The coating porosity
and thickness were approximately 17% and 450 pm, respectively. The
coating porosity and thickness were approximately 17% and 450 pm,
respectively. At D = 5 cm, the coating showed a porous architecture
(~24% porosity) with various pore sizes and shapes, and the coating
thickness was ~640 pm. At D = 8 cm, the temperature and velocity of
the flame stream were low. The flame temperature was insufficient for
melting and burning PEEK, and the momentum toward the coating
surface was inadequate; consequently, the coating had a large number of
pores and voids and similar sizes and shapes of PEEK particles. At this
distance, the PEEK particles disturbed the momentum and direction of
the YSZ particles, leading to poor adhesion and interparticle bonding.
The coating porosity was more than 32%. Based on this observation, an
optimum PEEK injection distance D was determined as 5 cm in this
work.

An increase in the R gradually increases the coating porosity
(Fig. 10b). At the same flame stream temperature in D = 5 cm,
increasing in R reduces heat transfer to individual PEEK particles,
thereby reducing the thermal degradation of PEEK. Therefore, PEEK was

() -1200
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Il Thickness 1
304 T 1000
E
—~ 254 800
X é =
A
~ 204 @
Q é 600 8
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- F400 O
£ 104 =
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5 200
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0. — Lo
2 5 8

Distance (cm)

relatively preserving its original size within the microstructure and
changing into larger pores after heat treatment as shown in Fig. 9c.
Additionally, as R increases, the temperature and velocity of the flame
stream decreases, and YSZ inflight interference occurs because the PEEK
is injected perpendicular to the flame stream. As a result, the porosity
was the highest at greater R, i.e., 40% at R = 1.3 g/min, which was
higher than those produced at R = 0.8 g/min and 1.0 g/min. The in-
crease in TBC thickness is due to the increase in the amount of PEEK.
Also, the decrease in the temperature and velocity of the flame stream
makes the YSZ melting difficult and reduces collision energy. These can
reduce the post-collision deformation of YSZ and increase the thickness
of the splat [52].

As previously discussed, the porosity of a double-layered TBC
increased with increasing D and R, which may compromise its structural
stability. Increasing R increased the fraction of open pores in the coating
microstructure from 32% at 0.8 g/min to 41% at 1.3 g/min, as shown in
Table 2. A highly porous TBC was achieved at R = 1.3 g/min; numerous
large pores formed by the connection of smaller pores are observed.
However, it exhibited fragility and struggled to maintain structural
stability, particularly when subjected to vacuum pressure during TBC/
CFRP manufacturing. In this work, D = 5 cm and R = 1.0 g/min were
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Fig. 10. Porosity and thickness of the double-layered TBC as a function of (a) D and (b) R.
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found to be the optimal flame spraying parameters for TBC/CFRP
manufacturing, achieving improved thermal barrier performance and
structural stability. Porosity and thickness measurements of all TBCs
used in Fig. 10 are included in Table 2.

3.2. Thermal conductivity measurement

Thermal conductivity is the primary factor affecting the thermal
barrier performance of TBCs. Low thermal conductivity is preferred to
achieve maximum thermal barrier performances. Thermal conductivity
was calculated according to Eqn. (4), and the averaged thermal con-
ductivity value was used for the analysis.

Fig. 11 shows the temperature-dependent thermal conductivity of
the free-standing porous YSZ specimens prepared with various D and R.
For all D with R = 0.3 g/min (Fig. 11a), the thermal conductivity of the
porous YSZ specimen decreased as temperature increased. Correspond-
ingly, the bulk density at D = 2, 5, and 8 cm decreased and remained
consistent at 4.56, 4.39, and 4.39 g/cm?, respectively. Thermal con-
ductivity results follow a similar trend as density, indicating that ther-
mal conductivity can be tailorable by controlling porosity. Fig. 11b
shows the thermal conductivity of the TBC fabricated with D = 5 cm and
various R. The bulk densities, which follow a similar trend to thermal

Table 2
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conductivity, were measured at 4.20, 4.08, and 3.98 g/cm3. Thermal
conductivity measurements of the porous layer show two key findings:
(1) thermal conductivity decreases as both D and R increase and (2)
thermal conductivity decreases as temperature increases. For instance,
room temperature thermal conductivity decreases from 0.54 to 0.44 W/
m-K as R increases from 0.8 to 1.3 g/min. A decrease in TBC’s thermal
conductivity, resulting from increases in D and R, which was attributed
to the increased porosity and voids, as confirmed by the aforementioned
microstructural observation (Figs. 9 and 10). The reduction of thermal
conductivity with increasing porosity may be attributed to phonon
scattering occurring between the splats, as suggested by various studies
[53,54]. However, this research did not directly investigate phonon
scattering in the porous TBC layer. Particularly, the decrease in thermal
conductivity is notably more pronounced as R increases from 1.0 to 1.3
g/min, primarily owing to the presence of numerous open pores. These
open pores effectively reduce the overall thermal conductivity of a
porous TBC layer, particularly via convective heat transfer, when a
temperature gradient exists between the interior and surface of TBCs
[55].

Fig. 12a compares the thermal conductivities of dense TBC, double-
layered TBC, and pristine CFRP composite as a function of temperature.
The dense YSZ layer (blue) showed thermal conductivity ranging from

Bulk and apparent densities, and open-pore fraction of TBC fabricated with with various D and R

D (cm) R (g/min) Bulk density (g/cm3) Apparent density (g/cm3) Open pore (%) Thickness (pm)
2 1.0 4.05 + 0.19 5.55 + 0.03 27.02 £+ 3.35 449.44 + 33.86
5 1.0 3.78 £0.08 5.68 = 0.03 31.61 +£1.89 639.87 £ 32.27
8 1.0 3.55 £ 0.05 5.80 £ 0.00 38.85 £+ 0.90 384.48 £+ 30.71
5 0.8 3.99 +£0.14 5.67 + 0.04 29.48 + 2.38 526.32 + 26.79
5 1.3 3.33£0.11 5.68 + 0.04 41.34 £ 2.03 787.33 £ 35.57
(a) . () _ ;
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Fig. 11. Effects of PEEK feed distance D and rate R on the thermal conductivity of porous YSZ layers prepared with (a) D = 2-8 cm with R = 0.3 g/min and (b) R =

0.8-1.3 g/min with D = 5 cm.
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1.06 to 1.39 W/m-K between 25°C and 400°C. The double-layered TBC
(red) exhibited a nearly constant thermal conductivity of 0.32 W/m-K
over the same temperature range. The room temperature thermal con-
ductivity of pristine CFRP composite (black) was approximately 0.55 W/
m-K. The relatively low thermal conductivity of a double-layered TBC
layer, compared to the underlying CFRP substrate, is suitable for ther-
mal barrier applications. Fig. 12b shows the porosity and thermal con-
ductivity of porous YSZ TBCs fabricated using various methods (electron
beam physical vapor deposition (EB-PVD) [42,56], air plasma spraying
(APS) [57-59], suspension plasma spray (SPS) [60,61]) in the open
literature. The microstructure differences of these TBCs resulting from
their fabrication methods determine their heat conduction paths, lead-
ing to variations in thermal conductivity. In particular, the
double-layered YSZ TBC fabricated in this study exhibited considerably
lower thermal conductivity compared to the conventional TBCs. The
lower thermal conductivity was attributed to distinct splat boundaries
and numerous unmelted particles in the microstructure, whereas the
APS coatings have good mechanical interlocking between splats and
have good structural integrity. These characteristics influenced phonon
scattering, thereby reducing thermal conductivity [62,63].

3.3. Thermal shock test results

The thermal shock test (Ty = 500°C for 10 min) was conducted to
evaluate the thermal performance of pristine CFRP and TBC/CFRP
composites, where the TBC was prepared with parameters of D = 5 cm
and R = 1.0 g/min.

Fig. 13 compares the back-face surface temperature profiles of the
CFRP and TBC/CFRP specimens and their corresponding visual

Pristine CFRP

—&— Pristine CFRP

3007 o TBC/CFRP
400 -
~~ 300
@)
L I
a, TBC/CFRP
& 200
-
&)
o > / Tcrre
100 s =
ez \ H
" (500 °C)
0

l()() 2()() 3()0 40() i(l() 6()()

Time (sec)

Fig. 13. The back-face surface temperature of the CFRP and TBC/CFRP com-
posites during the thermal shock test.
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inspections. As mentioned earlier, the CFRP and TBC/CFRP specimens
were each dimensioned 50 mm x 50 mm x 2.98 mm and 50 mm x 50
mm X 3.66 mm, resulting in a 640 pm-thick TBC layer when excluding a
single CF ply (0.02 mm). For the pristine CFRP specimen, the surface
temperature reached 300°C after 300 s and started to ignite at the bot-
tom. The flame then continued to spread throughout the specimen
owing to the thermal decomposition of the matrix occurring from 300°C
[64,65]. However, the surface temperature of the TBC/CFRP specimen
was maintained at 230°C for 10 min, and no auto-ignition and burning
were observed. Note that 230°C is lower than the initial thermal
decomposition temperature of typical epoxy matrices (~300°C [64,
65]). This result shows that the double-layered YSZ TBC can effectively
prevent the underlying CFRP laminate from realistic high-temperature
exposures such as volatile fuel combustion temperatures [66,67] and
wildfires [68] in the temperature range of 420 — 600°C.

Fig. 14a and 14b show the macroscopic views of the thermal-shock-
tested pristine CFRP and TBC/CFRP specimens, respectively. Significant
delamination was observed in the pristine CFRP specimen due to the
thermal decomposition of the epoxy matrix occurring at each interface.
In contrast, the TBC/CFRP specimen experienced no physical damage;
the coating surface was merely discolored and scorched owing to the
residual PEEKs in the porous TBC layer. Thus, the double-layered YSZ
TBC offered a temperature gradient across the specimen thickness and
effectively functioned as a thermally protective layer at high
temperatures.

3.4. Residual mechanical performance of TBC/CFRP composites

A series of three-point bending tests were performed to evaluate the
residual mechanical properties of the TBC/CFRP composites. Fig. 15
shows the representative flexural responses of TBC/CFRP composites
before and after the thermal shock test (T = 500°C). Flexural tests were
performed with tension on the CFRP composite side and compression on
the TBC side. The thermal shock reduced the flexural strength and
flexural modulus of the TBC/CFRP composite by 13% and 25%,
respectively, as shown in Fig. 16. For instance, the pristine TBC/CFRP
composite had a flexural strength of 348 MPa, but after a thermal shock
test, its flexural strength was reduced to 302 MPa. The primary reason
for flexural property degradation is the thermal decomposition of the
epoxy matrix during the thermal shock. A distinct kink point in the
stress-strain curve (marked by the black arrow) indicates the delami-
nation between the desized CF substrate and the underlying CFRP
composite. The flame-sprayed YSZ layer was well intact with the desized
CF substrate, indicating good adhesion. The reduction in flexural
modulus is due to oxygen vacancies formed in the double-layered TBC,
during the thermal shock test. At high temperatures, these oxygen va-
cancies move within the lattice structure, increasing internal friction
and damping and simultaneously decreasing elastic modulus [69].

The pristine CFRP composite showed flexural strength and modulus

-

Thermal
lshock| ;
| R

Fig. 14. Macroscopic images of thermal shock-tested (a) pristine CFRP and (b) TBC/CFRP composites.
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Fig. 15. Flexural stress-strain curve of TBC/CFRP composites before and after
thermal shock test (Ty = 500°C).

of 512 MPa and 29 GPa. Note that the pristine CFRP composites sub-
jected to the thermal shock (Ty = 500°C) were burned and lost their
structural stability (Fig. 13), thus the flexural test results of CFRP
composites after a thermal shock were not feasible, and thus are not
included in Fig. 15. As mentioned earlier, the flexural strength of the
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TBC/CFRP specimen (348 MPa) was lower than that of the CFRP spec-
imen (512 MPa). This is due to the thickness and brittleness of the
ceramic double-layered TBC. The TBC underwent compressive stress
failure and damaged the adjacent CFRP layer, promoting crack propa-
gation and decreasing the flexural strength of TBC/CFRP composites
[70]. As mentioned earlier, the strength reduction of
thermal-shock-tested TBC/CFRP composites observed at the kink in the
flexural stress-strain curve (Fig. 15) was due to the thermal decompo-
sition of the epoxy matrix at the interface of the CFRP and TBC layer.
The flexure test results demonstrate that a double-layered TBC layer
produced from the flame spraying can effectively mitigate thermal
damage in the underlying CFRP composite without much loss in their
mechanical properties, efficiently protecting the CFRP relative to its
thickness.

Cross-sectional microstructural images of TBC/CFRP before and after
the thermal shock test and flexural test are shown in Fig. 17. For both as-
prepared TBC/CFRP composite (Fig. 17a) and thermal-shocked TBC/
CFRP composite (Fig. 17b), the interface between the TBC layer and
underlying CFRP composite was well intact with each other. In general,
the coefficient of thermal expansion (CTE) mismatch between the TBC
and CFRP substrate greatly influences the failure at the interfaces [71].
However, such delamination was not observed because the working
temperature was not as high as the YSZ operating temperature (1200°C).
Fig. 17 also shows that the first CFRP ply holds good adhesion with the
TBC layer. However, the interface between the underlying CFRP lami-
nate and the TBC-coated CF is relatively weak because the desized CF
has a non-polar surface, which hampers adhesion to the matrix [72].
Additionally, the high viscosity of partially cured epoxy made precipi-
tation difficult. It is responsible for the first delamination indicated kink

Before After

Fig. 16. Comparison of (a) flexural strength and (b) flexural modulus of TBC/CFRP specimen after thermal shock (T = 500°C).

Fig. 17. Cross-sectional images of TBC/CFRP specimens before and after three-point bending test: (a) before and (b) after thermal shock test.
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point in Fig. 15. In the tensile bonding test result of dense TBC/CFRP
composites, the average adhesion strength was 5.45 + 0.5 MPa, the
fracture occurred at the first CFRP ply (black region), and at the dense
YSZ layer (white) as shown in Fig. S1. The black region in the fracture
interface was larger in area than the white region. This means that the
adhesion between epoxy and desized CF is relatively weaker than the
interfacial adhesion between CF and the YSZ layer.

4. Conclusion

This study proposes a double-layered TBC comprising dense and
porous YSZ TBC layers fabricated directly onto a dry CF, followed by
CFRP fabrication. The thermal barrier performance and mechanical
properties of TBC/CFRP composite were evaluated. The conclusions of
this study are as follows.

1. A series of double-layered TBCs with graded density and porosity
were produced by flame-spraying of YSZ and sacrificial PEEK pow-
ders, and the effects of flame spray process parameters on density,
porosity, and thermal conductivity were characterized for optimal
thermal barrier performance.

2. Thermal conductivity of the double-layered TBC decreased as both
PEEK injection distance D and rate R increased, ensuring improved
thermal barrier performance. The TBC fabricated with D = 5 cm and
R = 1.0 g/min offered optimal thermal barrier performance and
structural stability.

3. After the thermal shock test with flame temperature Ty = 500°C, the
pristine CFRP composite was burned after 300 s, while the back-face
surface temperature of the underlying CFRP composite Tcpgrp
remained below 230°C up to 600 s without visual structural damage.

4. The TBC/CFRP composite retained 87% of its flexural strength and
75% of its flexural modulus after the thermal shock test.

This study explores the use of flame spraying to develop highly
effective double-layered TBCs and to optimize their thermal barrier
performances. The proposed TBC manufacturing method is simple and
cost-effective compared to conventional porous ceramic TBC fabrication
methods, allowing for the rapid formation of large-area coatings.
Additionally, using VARTM to manufacture TBC/CFRP composite le-
verages existing industrial processes. This suggests a high potential for
other industrial applications. All findings from the present work provide
new insights into the design and development of TBCs for CFRP com-
posites, which may be immediately applied to firefighting and electric
car battery housing materials. Furthermore, if other properties (ie.,
wear and corrosion resistance) of the TBC fabricated with the proposed
flame spraying process are confirmed, this approach could benefit a
wide range of high-temperature engineering applications, including
aeronautical, aerospace, and military components.
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