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Al/Zn/Cu-incorporated yttria partially stabilized zirconia (YSZ) coating was prepared on carbon fiber-
reinforced polyimide sheets by the detonation spraying process to enhance the heat resistance of resin
composites. The microstructure and phase composition of the coatings were analyzed by using XRD, SEM
and XPS. The flame ablation platform was used to analyze the coating’s thermal protection capabilities.
The coating failure process and the protection mechanisms of Al, Zn, and Cu metals were examined and
described. The results show that it is possible to prepare dense coatings with good bonding between layers
using detonation spraying. In the working layer, both Al and Zn additive phases were oxidized to some
extent and the oxidation products were Al2O3 and ZnO. Al and Zn play the role of melting and heat
absorption to lower the temperature, and the newly generated Al2O3, ZnO and CuO under the high
temperature play the role of repairing the cracks in the coatings, slowing down the growth of the thermally
grown oxide (TGO) as well as the role of heat insulation.
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1. Introduction

Currently, the rapid development of aerospace is driving
composite materials toward high performance, low cost, and
multifunction by putting forward ever-higher requirements (Ref
1). One of the most commonly used materials in aviation (Ref
2) is resin-based composites, which are composed of fiber-
reinforced resins (Ref 3, 4). Although resin-based composites
exhibit excellent mechanical and chemical resistance, they still
have major shortcomings in terms of thermal and electrical
properties (Ref 5-7). These issues will affect its wide applica-
tion in the aerospace field (Ref 8-10).

In recent years, researchers have attempted to prepare
coatings on resin-based composites using various spraying
methods to improve their thermal and electrical properties.
These coating methods are: thermal spraying (Ref 11), cold
spraying (Ref 12), physical vapor deposition (PVD), chemical
vapor deposition (CVD), and electroplating (Ref 13). The
thermal spraying process has the advantages of economy,

controllability, and a wide range of applications (Ref 14).
Therefore, it is currently the main method for preparing
coatings on the surface of resin-based composites (Ref 15). In
the study of the metallization of resin matrix composites using
various thermal spraying processes, the explosion spraying
process has the best overall performance (Ref 16). In compar-
ison to plasma spraying, the explosion spraying process results
in resin matrix composites that are not degraded by high
temperatures (Ref 17). Compared to flame spraying, explosion
spraying has a higher powder traveling speed, which affects the
overall quality of the coating (Ref 18).

The choice of coating system has a significant impact on the
thermal performance enhancement of resin matrix composites.
The selection of bonding layer composition needs to take into
account factors such as its melting temperature and thermal spray
expansion coefficient, and the most widely used methods are
single or proportional mixes ofmetal coatings such asAl, Zn, and
Cu (Ref 19, 20). In order to further improve the bonding ability
between the metal coating and the resin matrix, researchers have
used methods such as surface roughening (Ref 16), surface
doping with metal powders (Ref 21), or the use of sprayed
powders containing resin additives (Ref 22) to moderate the
thermodynamic differences between the metal coating and the
resin-based material. In addition, the proper spraying process
parameters are one of the most important factors influencing the
quality of the substrate (Ref 23). The presence of an intermediate
layer is also necessary for the subsequent ceramic top layer that
needs to be sprayed. The spraying of ceramic materials often
requires the use of higher spray power and lower spray distances,
so that the spraying of ceramic layers will result in a higher heat
input (Ref 24). A three-layer coating system (low melting point
metal layer + high temperature alloy layer + ceramic layer)
mitigates the thermal damage to the resin-based substrate when
spraying the top layer compared to a two-layer coating system
(metal layer + ceramic layer) (Ref 25). The three-layer coating
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system also provides layer-by-layer relief of thermal stresses at
high temperatures, avoiding high stress concentrations in the
coating (Ref 26).

Yttria Partially Stabilized Zirconia (YSZ) has been used as a
heat resistant ceramic layer due to its low thermal conductivity at
high temperatures. Existing research has been directed towards
the use of rare earth oxides to stabilize zirconia to enhance its
stability at high temperatures (Ref 27), while less research has
been conducted on the introduction of the ablative cooling
component of ablative coatings into ceramic thermal barrier
coatings to form a composite thermal protective coating (Ref 22).
A single thermal barrier coating is often prone to peeling off and
failing under high-temperature service, while ablative coatings
often need to be prepared thicker in order to meet the service
standard (Ref 28, 29). Therefore, the introduction of the ablative
phase in the thermal barrier coating can provide a new idea to
solve the thermal protection of resin-based composite materials.

In this study, a ceramic matrix composite thermal protection
coating was prepared on a polyimide substrate using the
detonation spraying process. The structure, morphology, and
ablation resistance of the YSZ coatings with low-melting-point
metals (Al, Zn, and Cu) and pure YSZ coatings were
investigated and compared to determine the effect of low
melting point metals (Al, Zn, and Cu) on the coating’s ablation
resistance and failure mechanism.

2. Materials and Methods

2.1 Materials and Coating Deposition Methods

In this experiment, detonation spraying was used to prepare
an Al/Zn/Cu-incorporated YSZ-based composite coating
(called S1) on a carbon fiber-reinforced polyimide resin matrix.
There were three different layers in S1 coating: a bonding layer,
a transition layer, and a protective coating. Figure 1 shows the
schematic representation of the coating’s structure and the
schematic diagram of detonation spraying. It was made up of
four layers, which were Al/Zn/Cu-incorporated YSZ, NiCo-
CrAlYTa, Al, and polyimide composite, stacked from top to
bottom. YSZ was the working layer that prevented perspiration,
NiCoCrAlYTa was the transition layer, Al was the metal
bonding layer, and the substrate was made of polyimide
composite. A double-layer thermal barrier coating (named S2)
comprising YSZ (unadulterated) and Al was prepared exper-
imentally for comparison with the S1 coating in order to assess
its ablation resistance against the traditional YSZ coating.

In this experiment, YSZ (204B Metco), phenolic resin, Al,
Zn, Cu, and SiO2 were utilized as raw materials to create
ceramic composite powders using the solid phase synthesis

method. Following their ball milling, mixing, drying, and
sieving, these six raw materials were weighed in accordance
with the chemical composition ratios listed in Table 1. An
atomizing granulator was used for spray granulation, and the
granulated powder was sieved to produce sprayed powder with
particles smaller than 50 lm. NiCoCrAlYTa is the substance
used in the intermediate layer (Amdry 997, Sulzer Metco). The
powder’s particle diameter is between 5 and 35 lm, and
Table 2 displays its chemical composition. After being
mechanically combined in a 49:1 ratio with aluminum and
polyimide powders, the bottom powder was sieved through a
180-mesh screen. The Beijing Institute of Aerospace Materials
supplied carbon fiber-reinforced polyimide composite panels
with a glass transition temperature of 397 �C.

To improve the bonding between the sprayed particles and the
matrix, sandblasting was used to roughen the surface of the
composite. Corundum sand with a particle size of 100 mesh was
chosen as the material to be blasted. The parameters for the
sandblasting were as follows: 0.3 MPa of pressure, 60� of angle,
160 mm of distance, and 70 seconds of time. The detonation
spraying process is used to process each layer of the composite
coating. Table 3 displays the parameters of this process.

2.2 Flame Ablation Test

Ablation experiments were carried out using a mixture of
oxygen and acetylene. The flame temperature at the surface of
the coating was measured using a thermocouple located at the
center region of the ablation on the sample surface. During the
test, the temperature was increased from room temperature to
800 ± 20 �C in 10 s and then held at the peak temperature for
another 300 s. The flame was then extinguished and the sample
was cooled naturally to room temperature. Figure 2 shows the
schematic diagram of the ablation experiment.

2.3 Evaluation of Coating Properties and Characterizations

Powder x-ray diffraction (XRD, Rigaku Ultima IV) was
employed to identify the phase structure of the samples using
Cu-Ka radiation (k = 0.15406 nm), with a scan rate of 10�/min
from 10 to 90�, and it was operated at an accelerating voltage of
40 kVand an emission current of 50 mA. The surface morpholo-
gies and the cross-sectional microstructures of the samples were
investigated by scanning electron microscope (SEM, JSM-
6360LV), and the distributions of elements were analyzed by
means of energy dispersive spectroscopy (EDS). Through the
method of image quantitative analysis, the cross-sectional mor-
phology of the coating was analyzed by ImageJ software. After the
cross-sectional SEM image of the coating was transformed into a
grayscale image, 25 sections at different positions were selected.
After the porosity was obtained by software analysis, the average

Fig. 1 (a) Schematic diagram of coating structure; (b) Schematic diagram of detonation Spraying
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value was taken as the porosity value of the coating. YSZ
composite powders were characterized by differential scanning
calorimetry (DSC). x-ray photoelectron spectroscopy (XPS,
Thermo Fisher K-Alpha + ) was used to determine the valence
states of Al, Cu and Zn. The XPS spectrum was recorded using
monochromatic Al Ka x-ray source with a base pressure of
6.8 9 10�9 Torr. The survey spectrum was recorded with a pass
energy of 100 eV. The XPS data were calibrated by using the
adventitious C 1s signal at 284.8 eVas a reference, and the binding
energy spectra were fitted by Avantage Software.

3. Results and Discussion

3.1 Characterization of Al/Zn/Cu-Incorporated YSZ Powders
and Coatings

The S1 powder’s micrographs are shown in Fig. 3(a). The
two morphological characteristics of the powder were as

follows: one of the particles presents a more spherical shape,
while the other has an apple-like appearance due to an inwardly
curved tip. During granulation, the location of the evaporation
contacts inside the powder shifts, modifying the order of
solidification. When the evaporation boundary moves outward,
hollow spheres are created, and solid spherical particles are
formed when it moves inward toward the powder’s center (Ref
30). The majority of the powders had almost spherical shapes,
which would make the thermal spraying process easier. EDS
analyses of the S1 powder’s composition are shown in
Fig. 3(b). The content and testing methodology make it
impossible to detect the addition of Zn, and Cu. XRD results
of the S1 powders are demonstrated in Fig. 3(c), tetragonal
phase (t�-YSZ) and a trace amount of monoclinic phase (m-
YSZ) make up the majority of the YSZ powder (Ref 31). Two
heat absorption peaks of YSZ powder are observed during the
heating process from 23 to 800 �C, as shown in Fig. 3(d).
These peaks sat 417.65 and 653.61 �C, which correspond to the
melting and heat absorption reactions of the metals Zn and Al
(Ref 32, 33). The cross section of the powder is observed by
surface scanning using EDS in order to ascertain the distribu-
tion of each added phase in the original powder. The
distribution of Zn elements in each added phase is the most
uniform, which is consistent with the distribution of Zr and O
elements as shown in Fig. 4. It is also found that Cu and Al
show clear signs of segregation. This may be due to the
difference in density and particle size of the powders, leading to
uneven mixing and hence segregation during granulation.

Figure 5 shows the cross-sectional morphologies of the S1
and S2 coatings. It can be seen that the coating has no obvious
layered structure, the powder melts fully, spreads evenly, and
the interfaces are tightly bonded without an obvious oxidation
interface, indicating that the high-speed particles impact the
substrate or the pre-deposited layer during the detonation
spraying process. In particular, attention is paid to the interface
between the Al bottom layer and the composite matrix, and
there is no burning phenomenon, microcracks or interface
separation. As a pulsed spraying, the temperature of the
substrate can be effectively controlled within a lower temper-
ature range during the detonation spraying process, so that the
damage to the substrate material is very small (Ref 34). In all
samples of the composite coating, except for a few holes found
between the middle layer and the surface layer, the layers are
mechanically occluded and the interface is well bonded. The
porosity of the surface working layer is 4.60% (S1) and 5.89%

Table 1 Chemical composition of S1 working layer
material (wt.%)

YSZ Zn Al Cu SiO2 Resin liquid material

YSZ powder 90 2 2 2 2 2

Table 2 Chemical composition of S1 transition layer
material (wt.%)

Ni Co Cr Al Y Ta

NiCoCrAlYTa 43.9 23 20 8.5 0.6 4

Table 3 Spraying process parameters

Distance, mm Frequency, shot/s O2/C2H2, %

Bond coat 160 � 180 2 24 � 28
Transition layer 160 � 180 2 30 � 34
Top layer 220 � 240 4 50 � 55

Fig. 2 Schematic diagram of ablation experiment
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Fig. 3 (a) SEM micrographs of S1 powder; (b) EDS of S1 powder; (c) XRD patterns of S1 powder; (d) DSC of S1 powder

Fig. 4 S1 powder element surface distribution
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(S2), respectively. The coating is denser compared to other
thermal spraying methods (Ref 35). The metal doping in S1
made it denser.

The XRD patterns of the working layers in Fig. 6 show that
the top layer of YSZ is mostly made up of t-YSZ. After the
detonation spraying, the amount of m-YSZ in the YSZ
decreased. Probably because of the rapid solidification and
rapid cooling of YSZ splats after impacting the surface of the
substrate during the spraying process, which limits the
transition of phases (Ref 36). Figure 7 shows the element
distribution of the working layer. After spraying, the Al, Cu and
Zn additive phases are effectively distributed in the YSZ

coating, and the uniform distribution of the additive phases will
contribute to the overall thermal insulation of the coating.

3.2 Characterization of Coatings After Flame Ablation

As can be seen in Fig. 8(a), (b), (c), (d), (e), and (f), there are
no obvious cracks or spalling under the macroscopic surface of
the S1 and S2 coatings. The color of the ablated area of the S1
specimen is light gray, while the ablated area of the S2
specimen shows obvious black carbon deposits. In Fig. 8(b),
and (c), it can be seen that the cracks in the edge region
gradually increase from the side close to the substrate upwards
due to the fact that the additive phase (Al, Cu and Zn) in the
high temperature region can cause spilling out to the surface,
which leading that the coating become loose. The peeling of the
ceramic working layer are observed with exposure transition
layer as shown in Fig. 8(c). The delamination location is
between the Al metal bonding layer and the polyimide
composite substrate. The difference in the coefficient of
thermal expansion between the Al-metal layer and the resin-
based composite also contributes to the peeling of the coating.
(Ref 17). From Fig. 8(g), and (h), it can be seen that the peeling
of the coating spread from the center region to the edges. The
failure occurs at the center of the specimen, which may
contribute to high thermal stress. Figure 8(d), (e), (i), and (j)
reflects the oxygen content of the S1 and S2 coatings. The Al
layer of the S1 coating has a lower oxygen content than the S2.
This suggested that the S1 coating mitigates the oxidation of the
Al layer, which would be delaying the generation of TGOs (Ref
37), and at the same time mitigates the oxidation of the
substrate (Ref 17). In order to reveal the cooling mechanism of
Al/Zn/Cu-incorporated YSZ based composite coating, the

Fig. 5 (a) and (b) Cross-sectional morphologies of S1 coating; (c) and (d) Cross-sectional morphologies of S2 coating

Fig. 6 XRD pattern of S1 coating�s surface
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distribution and compositional changes of Al, Cu and Zn in the
S1 coatings are investigated in the following section.

3.3 Cooling Mechanism of Al/Zn/Cu-Incorporated YSZ
Based Composite Coating

From Fig. 9(b), it can be seen that part of the ceramic flake
layer is still retained in the edge region of the thermal shock of
the S1 coating. Compared with Fig. 9(a), there are obvious
cracks and pits in the center region of the thermal shock. The
metal additive phase overflows near the cracks and undergo a
certain degree of oxidation. During the test, the temperature is
gradually reduced from the center region of the thermal shock

to the edge region. The shock effected by the flame also washed
some liquefied metal to the edge. In the edge region of the
thermal shock there is a partial overlap between the elements Al
and O in some of the highlighted areas, so there is some
oxidation of Al. In the central region of the ablation there is a
partial overlap of the Cu and O elements with some highlight-
ing areas, so there is some oxidation of Cu. Without
considering the influence of defects (pores and humps) on the
results of the elemental mapping of the concave and convex
areas, it can be seen that Zn, as the lowest melting point and
boiling point of the additive phase, is the first to undergo the
physical reaction of melting in the process of thermal shock.
The distribution of Zn in the center and the edge is very

Fig. 7 EDS mapping results of S1 cross section

Fig. 8 Cross-section morphology of the coating after flame ablation (a) and (f) S1 and S2 coating ablated macroscopic morphology; (b) S1
coating edge area; (c) S1 coating center area; (g) S2 coating edge area; (h) S2 coating center area; (d), (e), (i) and (j) The composition of Al
metal bonding layer by EDS
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uniform, which shows that it has a significant effect on ablation.
The oxidation is founded at all the positions of Al layers, and
the newly generated oxides shows heat insulation. From Fig. 9,
it can be seen that the oxidation products of Al are mostly
concentrated in the edge region, which may attribute to the
effect of erosion. Cu is in the center of the impact area of the
presence of an oxidation phenomenon. The melting point of Cu
is higher than the thermal shock temperature of the test,
showing weak ablation effect obviously.

In order to further confirm the chemical composition
changes of Al, Zn and Cu added to the coatings before and
after flame ablation, the surface of the specimens before and
after flame ablation is analyzed by XPS spectroscopy. Figure 10
shows the high-resolution XPS spectra of Al 2p, Cu 2p and Zn
2p of the coatings. Figure 10(a), and (b) shows that there are
two characteristic peaks of Al and Al2O3 in the pristine coating.
Their binding energies are 73.8 eV (Al) and 76.88 eV (Al2O3),
and the ratio of their contents is 100:48 (Al: Al2O3). The
characteristic peaks of Al and Al2O3 also existed on the surface
of the ablated coating, and their binding energies were
74.08 eV (Al) and 77.59 eV (Al2O3), respectively, with a ratio
of 100:54 (Al: Al2O3). As shown in Fig. 10(c), it can be seen
that the Cu on the surface of the pristine coating existed in the
state of metallic monomers with a binding energy of 923.66 eV.
whereas after flame ablation, the main peak of CuO (with a
binding energy of 934.94 eV) and the satellite peaks of CuO
(with binding energies ranging from 945 eV to 940 eV)
appeared with the ratio of the contents of the two at 100:41
(Cu: CuO). Analyzing Fig. 10(e), and (f) shows that there were

two characteristic peaks of Zn and ZnO in the pristine coating.
Their binding energies were 2021.5 eV (Zn) and 2022.2 eV
(ZnO), and the ratio of their contents was 100:65 (Zn: ZnO).
The characteristic peaks of Zn and ZnO also existed on the
surface of the ablated coating, and their binding energies were
2021.5 eV (Zn) and 2022.2 eV (ZnO), respectively, with a ratio
of 100:67 (Zn: ZnO). Combined with the elemental surface
distribution of the coating, it can be concluded that the three
metal additive phases of Al, Cu and Zn in the layer were mainly
Al, Cu and Zn metal monomers, while at the same time
encompassing a portion of Al2O3 and ZnO. After high-
temperature ablation, the percentage of Al2O3 and ZnO content
in the S1 coating did not change significantly. It was inferred
that Al and Zn mainly undergo melting reactions at high
temperatures. The newly generated product on the surface of
the specimen after high-temperature ablation is CuO. Table 4
shows some of the thermal properties of Al, Zn and Cu (Ref
38). During the ablation process at 800 �C, Zn and Al melt and
absorb heat successively, and Cu mainly undergoes an oxida-
tion reaction before reaching the melting point. Therefore, the
sweating and cooling of the S1 coating under the ablation
condition of 800 �C mainly relies on Al and Zn (Ref 39). CuO
in the oxidation product has an approximate thermal conduc-
tivity of ZrO2, which contributes to the overall thermal
insulation of the coating (Ref 40), Al2O3 (Ref 41) and ZnO
(Ref 42) have better antioxidant properties, which can mitigate
the phenomenon of oxidative erosion of the coating as a whole,
in addition to the better thermal stability of Al2O3 and ZnO at
high temperatures (Ref 43).

Fig. 9 S1 Surface morphology and elemental distribution after flame ablation (a) Center area of flame ablation; (b) Edge region of flame
ablation
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Fig. 10 (a) Fitting of Al 2p spectral peaks on the surface of the original specimen; (b) Fitting of Al 2p spectral peaks on flame-abraded
surfaces; (c) Fitting of Cu 2p spectral peaks on the surface of the original specimen; (d) Fitting of Cu 2p spectral peaks on flame-abraded
surfaces; (e) Fitting of Zn 2p spectral peaks on the surface of the original specimen; (f) Fitting of Zn 2p spectral peaks on flame-abraded
surfaces
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4. Conclusion

In this experiment, YSZ composite coatings are prepared on
resin-based composite substrates by the detonation spraying
process. The influence of the addition phase on the thermal
protection performance of the coating is discussed from the
perspectives of phase, microstructure and ablation performance,
as well as the ablation mechanisms of YSZ composite coatings
are elaborated. The conclusions are summarized as follows:

(1) The detonation spraying process is able to prepare dense
coatings with good interfacial bonding without damag-
ing the resin matrix composites.

(2) Doping Al, Cu, and Zn in YSZ can reduce the infiltra-
tion of O during flame ablation and alleviate the crack-
ing of the bottom layer.

(3) Under the high temperature ablation condition of 800�C, the
Al and Zn additive phases play the role of melting and cool-
ing, and the Al2O3, ZnO and CuO generated at high temper-
ature play the role of heat insulation and repair coating.
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