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To investigate the differences in densification effects and oxidation resistance of curved samples subjected to
gaseous and liquid Si infiltration, HfB,-SiC-MoSiy-Si/SiC-Si coated C/C composites are prepared using gaseous
and liquid Si infiltration (G-HSM and L-HSM), respectively. The mass change rates of G-HSM and L-HSM after
thermal shock from 1700 °C to room temperature are —2.52 % and 0.07 %. After isothermal oxidation at 1700 °C
for 200 h, the mass change rate of L-HSM is —0.12 %, while that of G-HSM reaches —0.60 % after 124 h. The high

content of HfB, and MoSi; in L-HSM improves the coating stability, which effectively avoids droplet shedding. In
addition, the lower roughness and narrower original cracks reduce oxygen adsorption sites and diffusion channels
of L-HSM during oxidation. Thus, L-HSM exhibits better thermal shock resistance and oxidation resistance than G-
HSM. This study provides a strategy for the coating design of curved components above 1700 °C.

1. Introduction

As a key thermal structure component of an aero-engine, thin-walled
and curved shaped components such as blades are proposed for
increasingly demanding material properties [1,2]. Turbine blades not
only have to withstand long-term high temperature oxidation near 1700
°C, but also need to resist high and low temperature alternation [1],
which requires them to have excellent temperature-bearing performance
in aerobic environment. Carbon/carbon (C/C) composites are promising
among multitudinous high-temperature oxidation protection materials
due to their high specific strength and modulus, low coefficient of ther-
mal expansion and excellent stability of mechanical properties [3-8].
Unfortunately, carbon fibers and matrix are rapidly oxidized when
exposed to an aerobic atmosphere above 370 °C, while it is difficult to
resist their long-term oxidative corrosion, greatly limiting their applica-
tions in aerospace field [9-13].

Combining C/C composites with ultra-high-temperature ceramics
(UHTCs) has become a promising solution to the problem of oxidation
susceptibility of C/C composites [14-16]. Hf-based ceramic coatings,
especially HfB,-based coatings, are widely used for oxidation protection
of C/C composites as their high melting point and excellent oxygen
barrier [17,18]. However, ByO3 evaporates rapidly at over 1150 °C,
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forming a porous oxide layer of HfO5 [19], which results in that a single
HfB, system with pulverized oxidation cannot satisfy the demand for
high-temperature and long-time oxidation protection. The introduction
of SiC not only moderates the thermal expansion coefficient of UHTCs
and C/C composites [20,21], but also helps to improve the stability of
oxide film due to the good flowability of its oxidized product, SiO2, which
can heal defects in a timely manner at high temperatures [22,23]. In
addition, HfSiO4 generated from HfO, and SiO, further improves the
high-temperature stability of the oxide film [17,24]. However, SiO, is
susceptible to active oxidation at low oxygen partial pressures above
1600 °C to form SiO(g), resulting in the coating depletion [25]. Transi-
tion metal silicides can provide a silicon source and reduce silicon loss
[26]. In particular, MoSiy has a suitable melting point (2030 °C) and good
antioxidant properties [27-29]. Thereby, MoSis-modified HfB,-SiC
coatings are expected to realize the oxidation protection of C/C com-
posites at 1700 °C.

Various methods have been successively developed to prepare the
coating, such as slurry dipping, high temperature sintering and gaseous Si
infiltration. Slurry dipping facilitates the design of the coating compo-
sition and structure, and is easy to apply on the surface of curved special-
shaped components [30,31], but the porous structure formed by the
buildup of raw slurry particles provides numerous channels for oxygen
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intrusion [32]. High-temperature sintering, pre-oxidation and silicon
infiltration are usually combined with slurry dipping to provide densi-
fication. Lv et al. [33] prepared HfB,-SiC/SiC coatings on C/C surface
through pack cementation, slurry painting and high-temperature reactive
sintering, which could protect the substrate for 100 h at 1700 °C in air
with a mass loss of 2.4 %. Zhu et al. [20] used pack cementation, slurry
dipping and oxidative sintering to fabricate HfSi-HfB,-SiC coatings,
which protected C/C composites at 1200 °C, 1500 °C and 1700 °C for
516 h, 744 h and 64 h, respectively. Nevertheless, high-temperature
sintering and pre-oxidation can only densify local areas of the coating,
leaving residual holes within the coating [33]. In contrast, Si infiltration
is a densification method that integrates physical filling and chemical
reaction, and the strong diffusion capacity of Si has the ability to densify
the entire coating [34,35]. Zhou et al. have successively prepared a series
of Si-based ceramic coatings on the surface of C/C composites by slurry
dipping combined with gaseous Si infiltration, such as SiC-Si [36],
ZrB,-SiC-Si/SiC-Si [37] and HfB,-SiC-Si/SiC-Si [24] coatings, which
demonstrated a great potential for the protection of C/C composites. The
above studies indicate that the dense coatings obtained by slurry dipping
combined with silicon infiltration are promising for oxidation protection
of curved C/C composites at 1700 °C.

Up to date, there is little research carried out on the differences be-
tween gaseous and liquid Si infiltration processes for the oxidation pro-
tection of C/C composites in air at 1700 °C, especially for curved shaped
components. It has been reported that microstructure and high-
temperature properties of specimens are largely controlled by their
shape characteristics and preparation processes [38-40]. Therefore, it is
necessary to study the differences and mechanism of the densification
effect of gaseous/liquid Si infiltration on curved pre-coated specimens
and the oxidation resistance of the final coating, so as to provide a
reference for the selection of the coating preparation process for curved
shaped components.

In this work, a HfB»-SiC-MoSi»-Si/SiC-Si coating with a bilayer
structure is prepared on C/C composites using pack cementation, slurry
dipping combined with gaseous/liquid silicon infiltration. The evolution
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in composition and structure of the curved sample coatings on convex
and concave regions by gaseous/liquid silicon infiltration are investi-
gated. The isothermal oxidation and thermal shock behaviors at 1700 °C
and protection mechanisms are discussed. This work provides guidance
for manufacturing process selection of high-temperature oxidation-
resistant coatings for carbon-based curved shaped components.

2. Experimental procedures
2.1. Material preparation

In experiment, 2.5D needle-punched carbon/carbon (C/C) compos-
ites with density of 1.7-1.8 g/cm® were processed into curved samples
with a curvature radius of 7 mm. The fabrication process of HfB,-SiC-
MoSiy/SiC coating is shown in Fig. 1. The SiC transition layer was pre-
pared on curved C/C surfaces by pack cementation (PC) [41]. PC-SiC
coated samples were dipped in a homogeneous slurry composed of
phenolic resin (4-12 wt%, 99.9 % purity), absolute alcohol (40-60 wt%,
AR), HfB; (0-30 wt%, 99.9 % purity), SiC (15-40 wt%, 99.9 % purity)
and MoSi, (10-20 wt%, 99.9 % purity) to obtain the green coating. The
green coated samples were cured at 150-300 °C for 1-4 h in an argon
atmosphere and then carbonized at 900-1200 °C for 2-5 h to get
HfB,-SiC-MoSia (HSM) pre-coating. Detailed slurry dipping and heat
treatment processes were described in our previous work [42]. The
porous pre-coating was densified by gaseous silicon infiltration (GSI) and
liquid silicon infiltration (LSI), respectively. Details of GSI and LSI were
as follows: (i) For GSI, the pre-coated samples were placed on a porous
graphite plate in a graphite crucible. The bottom of the crucible was
covered with silicon blocks. Then, the crucible was placed in an argon
atmosphere at 1700-1900 °C for 0.5-2 h after sealing to obtain G-HSM
coated curved C/C composites. (ii) For LSIL, the pre-coated samples were
buried in a powder mixture of Si (70-85 wt%, 40-50 pm, 99.0 % purity),
graphite (10-25 wt%, 30-50 pm, 99.5 % purity) and SiC (5-15 wt%, 1-3
pm, 99.9 % purity). Then the crucible was heated to 1400-1600 °C with a
holding time of 0.5-2 h to obtain L-HSM coated curved C/C composites.
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Fig. 1. Schematic diagram about the fabrication process of G-HSM and L-HSM.
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2.2. Oxidation tests

The thermal cycling test between 1700 °C and room temperature and
isothermal oxidation test at 1700 °C were used to evaluate the oxidation
resistance of G-HSM and L-HSM. ZrO, pads was placed at the bottom of
the alumina crucibles to hold the samples and prevent adhesion. Then
putted the crucibles into the muffle furnace at 1700 °C. Samples were
taken out at intervals and cooled to room temperature for weighing.
Specifically, for the thermal cycling test, samples were kept at 1700 °C for
15 min and then removed and cooled at room temperature for 5 min. The
mass change percentage was calculated according to
my

MM 100%, e}

my

M=

where M is the mass change rate (%), my is the mass of the samples before
oxidation; my is the mass of the samples after oxidation.

2.3. Material characterization

Phase composition, microstructure and element distribution were
characterized by X-ray diffractometer instrument (XRD, X'Pert Pro MPD)
and scanning electron microscopy (SEM, Zeiss) equipped with an energy
dispersive spectrometer (EDS, Oxford INCA), respectively. The average
roughness (R,) and three-dimensional (3D) profiles of G-HSM and L-HSM
were determined by a non-contact profilometer (HS1000, Nanovea,
USA). The content of Si + SiC and HfB, + MoSi, of the coating prepared
by GSI and LSI was measured by Image J software.

The stress distribution of the coatings with GSI and LSI during prep-
aration and thermal shock were carried out with Finite Element Analysis
(FEA, ANSYS 19.0) method. The physical parameters of the materials
used in the simulation models were presented in Table 1. Here p, E, v, a, 4
and C are the density, elastic modulus, Poisson's ratio, coefficient of
thermal expansion, thermal conductivity and specific heat capacity,
respectively.

3. Results and discussion
3.1. Microstructure and composition of coatings

Fig. 2 shows the phase composition of HSM pre-coating, G-HSM and
L-HSM coating. The accumulation of white (HfBy), gray (MoSiy) and
black (SiC) particles in the HSM pre-coating formed a porous structure,
which facilitates subsequent silicon infiltration. Fig. 2b and c displays
that the pre-coating thickness for both convex and concave areas is
approximately 340 pm. G-HSM and L-HSM are both composed of white
(HfB»), light gray (MoSi»), dark gray (Si) and black (SiC) phases as shown
in Fig. 2d and g. SiC, HfB; and MoSi; in G-HSM are surrounded by a
continuous Si to form a mosaic structure, the difference is that the four
phases are interconnected to form a consecutive structure for L-HSM. To
better clarify the phase content discrepancies of the two coatings, the
volume fractions of Si + SiC and HfB, + MoSi, on the surface and cross-
section of the coatings were calculated by Image J software. For the
surface, the volume fractions of Si + SiC and HfB, + MoSi; in G-HSM and
L-HSM are 86.8 %, 13.2 % and 90.7 %, 9.3 %, respectively.

Table 1
Parameters of the relevant materials in the FEA model.
Materials p (kg/ E v a AW/ Cc/
m®) (GPa) (10°K) m2K) kg-K)
C/C [43] 1700 35 0.216 1.0 72 1800
MoSiy 6240 408 0.166 7.8 45 471.5
[43]
HIfB, [44] 11000 480 0.12 6.1 51 320
SiC [43] 3200 340 0.142 4.0 39 700
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Correspondingly, for the cross-section, the volume fractions of Si + SiC
and HfB; + MoSi; in G-HSM and L-HSM are 91.8 %, 8.2 % and 72.6 %,
27.4 %, respectively. In contrast, there are slightly less HfB, and MoSi; on
the surface of L-HSM than G-HSM, and significantly more HfB, and MoSiy
inside the coating than G-HSM. The pre-coating was combined by par-
ticle accumulation with low bonding strength, and the scour of uncon-
trollable silicon vapor on the outer coating at high temperature would
drive the migration and falling off of the ultra-high temperature ceramic
phases [25]. Such instability of GSI process will limit its application in
curved parts. Instead, LSI eliminates the effects of gas scour and the
UHTCs phases are retained within the coating, which may contribute to
the high temperature stability of the coating in an aerobic environment.

The thermal stress distributions of convex and concave regions during
fabrication cooling were calculated for evaluation in Fig. 3a and c. The
size parameters of the model were established in a ratio of 1:1 with the
actual samples. The initial ambient temperature of GSI and LSI was set to
1700-1900 °C and 1400-1600 °C, respectively. The ambient cooling rate
was defined as 5 °C/min. The thermal radiation heat transfer coefficient
between samples and surrounding environment was 0.8 [45]. The ther-
mal stress was evaluated based on a temperature change of 10 °C. The
stress values in the convex and concave regions of G-HSM and L-HSM can
be estimated to be 151.95 MPa, 134.63 MPa and 127.54 MPa, 113.21
MPa. The thermal stress of G-HSM is about 20 % higher than that of
L-HSM, and the stress value in both convex area is higher than those in
concave area. The surface crack size in different regions of G-HSM and
L-HSM shown in Fig. 3d corresponds to the calculated thermal stress. Due
to the relevantly higher preparation temperature of G-HSM, higher
thermal stress was generated during the cooling process, which leads to
more pronounced cracking. Affected by the impact of shape character-
istics, the cracks in the convex region of both coatings were wider than
those in the concave region.

Fig. 3e and f illustrate the cross-sectional morphologies of G-HSM and
L-HSM. The porous structure formed by particle accumulation in the
longitudinal direction of both coatings also disappeared, indicating the
ability of both gaseous and liquid silicon to reach the targeted penetra-
tion depth. On account of the stronger scour of gaseous silicon on the
concave region, some of the poorly bonded external porous pre-coatings
fell off, so that the thickness of the G-HSM was significantly thinner than
that of the pre-coating [46]. Compared to G-HSM, the coating thickness
on the convex surface of the L-HSM was closer to the coating thickness on
the concave surface. LSI avoids the negative effects of gas scour on porous
pre-coatings and therefore maintains the original coating thickness and
composition. From the cross-sectional images of the C/C substrate after
GSI and LSI (Fig. 3g), the percentage area of siliconized region was 12.68
% and 5.12 % for G-HSM and L-HSM. Si vapor and melt enters the C/C
through the open holes by gaseous diffusion and capillary force,
respectively. The gaseous diffusion is stronger than the capillary force.
The excessive penetration of Si tends to cause severe silicification dam-
age, which is detrimental to the flexural properties of thin-walled C/C
composites [47].

Fig. 3h gives the 3D profiles and average roughness (R,) on a
macroscopic scale for G-HSM and L-HSM coated samples. The result
shows that the R, values of the convex and concave surfaces of G-HSM
and L-HSM are 11.60 pm, 14.50 pm and 5.73 pm, 5.16 pm, respectively.
For G-HSM, the R, of the concave surface is about 25 % higher than that
of the convex surface, which is related to the more drastic erosion of the
concave surface by high-temperature gaseous Si, while there is no sig-
nificant difference in the R, of the convex and concave surfaces L-HSM.
Besides, the R, of L-HSM is only within half of that of G-HSM, which is
consistent with the microstructures shown in Fig. 2d and g. In general,
the lager the surface roughness of the coating, the lager its surface area,
and the more the oxygen adsorption sites [48,49] on the one hand, the
larger thermal stress caused during rapid cooling process [50,51] on the
other hand. Therefore, the increase in roughness is not favorable to the
antioxidant performance.
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Concave

Fig. 2. Phase composition of HSM pre-coating, G-HSM and L-HSM coating. (a) Surface SEM image of HSM pre-coating, (b, c) cross-sectional SEM images of HSM pre-
coating, (d, g) SEM images of local surface area, (e, h) phase content on the surface, (f, i) phase content in the cross-section.

3.2. Oxidation resistance of G-HSM and L-HSM at 1700 °C

The samples were subjected to a thermal cycling test from 1700 °C to
room temperature. Fig. 4a shows the mass change and optical image of
the samples after 20 thermal cycles. The optical image reveals that the
surface of L-HSM is covered with a continuous bubble layer, and the
coating remains intact without damage. The sample showed a mass gain
of 0.07 % after 20 thermal cycles, demonstrating good thermal shock
resistance performance. The volatilization of oxidation products at 1700
°C is the cause of the formation of bubbles on the sample surface.
Compared to L-HSM, there were few bubbles on G-HSM surface,
depending on the low content of HfB; and MoSi,. With the increase of the
number of thermal cycles, the mass of G-HSM is greatly lost. After 20
thermal cycles between 1700 °C and room temperature, the G-HSM
coated sample lost 2.52 % of weight, which indicates the relatively poor
thermal shock resistance of the coating. The mass changes of the above
two curved samples during isothermal oxidation at 1700 °C are shown in
Fig. 4b. The mass decay of G-HSM after 124 h of oxidation was 0.60 %,
while the mass decay of L-HSM after 200 h of oxidation was only 0.12 %.
According to the oxidation resistance of the coatings at 1700 °C reported
by other works [17,20,29,33,52-56], L-HSM coating in this study ex-
hibits excellent oxidation protection performance as shown in Fig. 4c.

According to the isothermal oxidation curves (Fig. 4b), the oxidation
process was divided into three stages with the standard of G-HSM, which
were marked as I, II and III. The mass loss curve of G-HSM exhibited a
parabolic pattern. By contrast, the mass of L-HSM was relatively stable
throughout the oxidation process. In the initial stage of oxidation (I),
both samples presented a trend of weight increase. The mass of G-HSM
rapidly increased by 3.25 % within the first 22 h. This is because HfB,
and MoSi; were mainly distributed on the surface of the coating after GSI

(Fig. 2). The generation of HfO5, BoO3 and SiO; led to a quick weight gain
in sample. At the same time, L-HSM had a mass gain of 0.32 % in stage I.
During stage II, G-HSM continued to gain weight with a decrease in the
rate of mass gain. After 92 h of oxidation, the mass increased by 4.63 %.
The decrease in mass gain rate was related to the reduction of HfB, and
MoSiy, as well as the volatilization of gas products. For L-HSM, the mass
loss due to volatilization of gaseous products and the mass gain from the
oxidation of HfBy, MoSi, and SiC reached equilibrium as the oxidation
time increased [24]. Accordingly, the mass of L-HSM did not change
significantly during this stage. In stage III, the mass of G-HSM deterio-
rated sharply, which manifested that coating failure led to the oxidation
of C/C substrate. In this stage, the low-speed weight reduction of L-HSM
indicated that the coating still held excellent oxygen resistance perfor-
mance within 200 h.

In order to better elucidate the surface state of G-HSM and L-HSM
after long-term isothermal oxidation, the 3D profiles and surface
roughness of the two coated samples were evaluated (Fig. 4d). The sur-
face of G-HSM became rough and uneven after oxidation for 124 h. The
formation of bumps and pits on the surface illustrated that the coating
had broken down. Quantitatively speaking, the roughness of the convex
and concave areas reached 29.65 pm and 47.21 pm, respectively. R,
showed a pattern that the roughness of the concave surface was generally
lager than that of the convex surface, which corresponded to the unoxi-
dized coating samples. An area of 3 x 9 mm? was selected at the center of
the convex and concave surfaces of the sample to further evaluate the
surface condition. The local areas of sudden color changes represented
macro-defects of the coating surface. Compared to G-HSM, the contin-
uous color change of L-HSM symbolized a lesser undulating surface after
200 h of oxidation, and no obvious deep bumps and pits were found. The
roughness of the convex and concave surfaces of the L-HSM was similar
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Fig. 3. Micro/macro morphology differences of G-HSM and L-HSM. (a—c) The thermal stress distribution during coating fabrication cooling, (d) surface crack con-
dition, (e, f) coating cross-sectional morphologies, (g) C/C substrate cross-sectional morphologies, (h) macroscopic three-dimensional contours.

in magnitude (R, = 17.36 pm in the convex region, R, = 18.14 pm in the
concave region) and decreased significantly with respect to the G-HSM.
The above findings suggest that the L-HSM coating still remained intact
after long-term isothermal oxidation.

Fig. 5a shows similar results for XRD patterns of G-HSM and L-HSM
after thermal cycling. The main diffraction peaks correspond to SiOq,
HfO; and a small amount of HfSiO4 and SiC. The oxides are generated by
Egs. (2)-(6) [57,58]. Unlike thermal cycling, the peak intensity of
high-temperature stable phase HfSiO4 of L-HSM increases after

isothermal oxidation from Fig. 5b. This is because the HfO, and SiOy
produced by the original coating components during long-duration
oxidation fully react (Eq. (6)). By comparison, the principal phase of
G-HSM remains SiO,, which is related to the fact that HfO, in G-HSM was
not sufficient to generate large amount of HfSiO4 during the
long-duration oxidation.

Si (1) + 0, (g) = SiO;, (1), 2)
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Fig. 4. Oxidation resistance of G-HSM and L-HSM. (a) Mass change curves during thermal cycling between 1700 °C and temperature, (b) mass change curves during
isothermal oxidation at 1700 °C, (c) comparison of oxidation resistance between this work and other works at 1700 °C [17,20,29,33,52-56], (d) three-dimensional

contours after oxidation.

28i (1) + 0, (g) = 2 SiO (g), (©))
1/2SiC (s) + 0, (g) = 1/2 Si0, (1) +1/2 CO; (g), “
2/5HfB, (s) + 0, (g) = 2/5 HfO, (s) +2/5 B,0; (1), ©)
HfO, (s) + Si0, (1) = HfSiO, (s). (6)

Fig. 5c presents the Gibbs free energy curves of active oxidation of Si
and SiC. It is found that active oxidation intensifies with increasing
temperature, which might lead to the escape of more gas products.
Fig. 5d shows the saturated vapor pressure at different temperatures of
SiOo, Si, B20O3, HfO5 and MoOs. Based on the physical properties of the
material, the vapor pressure of 1072-10" Pa is the critical value for the
stability of the material in the gas phase [59]. At a critical value of 1072
Pa, 1700 °C exceeds the critical tolerance temperature of SiOs, Si, B2Os,
and MoOs, causing them to transform into gas phase. The active oxida-
tion of Si and SiC and the volatilization of SiOs, Si, B,O3 and MoOs might
result in a large number of gaseous products escaping from the surface of
the sample to form holes and bubbles. The critical tolerance temperature
of SiO; is 1677 °C, which shows a relatively low loss rate. Notably, HfO,
and HfSiO4 remained stable at 1700 °C and helped to further inhibit the
volatilization of SiO5 [60], which facilitated the enhanced oxidation
protective ability of this coating at 1700 °C.

3.3. Oxidation behavior and mechanism of G-HSM and L-HSM at 1700
°C

To further clarify the evolution of the coating microstructure after
oxidation, surface and cross-sectional SEM images of the oxidized coating
were presented. It is found that various regions of the two curved samples
exhibited different morphological characteristics. Fig. 6 shows the
microcosmic morphologies of G-HSM and L-HSM after 20 thermal cycles.
Holes and cracks appeared on the surface of G-HSM due to the volatili-
zation of gas products and the sudden temperature changes during
thermal shock (Fig. 6a). Notably, Hf was carried by the low-viscosity
phase (SiO2) that melts at high temperature, forming large droplets
with a diameter of about 600 pm at the edge of the concave region of the
sample (Fig. 6b and c). For L-HSM, bubbles were evenly distributed on
the surface of the coating (Fig. 6d and e), corresponding to the macro-
scopic optical image of L-HSM (Fig. 4a). White phase aggregation was
observed on the surface of SiO bubbles, which was confirmed by EDS to
be HfO,/HfSiO4 compounds. Compared to G-HSM, the L-HSM surface
was covered with a large number of bubbles. On the one hand, it is due to
the relatively high content of HfB, and MoSi,, thus more gaseous
oxidation products B;O3 and MoOs were generated during oxidation
processes, on the other hand, HfO,/HfSiO4 phases contribute to inhibit
the volatilization of SiO; [37], thus allowing the surface SiO; to remain
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in the form of bubbles, while reducing mass loss. In addition, the droplet
size at the concave edge of the L-HSM was significantly reduced
compared to the G-HSM, reducing the risk of droplet falling (Fig. 6f).
The cross sections of G-HSM and L-HSM after 20 thermal cycles are
shown in Fig. 6g and h. It can be observed that penetrating cracks were
present in the convex region of G-HSM (Fig. 6g; and g5). The appearance
of oxidation pit at the cracked end indicates coating failure, corre-
sponding to the rapid mass loss of the thermal cycling curve in Fig. 4a. By
comparison, no obvious penetrating cracks were found in the concave
region (Fig. 6g3 and g4), which might be related to the stress caused by
thermal shock at the process of temperature change [61,62]. The flaking
of the coating at the concave edge was consistent with the sliding of
liquid droplets on the surface in Fig. 6¢. The massive shedding of droplets
from the coating surface also contributes to the mass loss of G-HSM. In
contrast, after 20 thermal cycles, L-HSM remained dense and the
ultra-high temperature phases were uniformly distributed in the coating
as shown in Fig. 7h;-h4. There were no obvious oxidation defects in C/C
substrate, which implies that L-HSM has excellent thermal shock resis-
tance. In order to further illustrate the discrepancy of oxidation degree in
different regions of G-HSM and clarify the failure mechanism, thermal
stress distribution during a thermal cycle from 1700 °C to room tem-
perature was simulated by FEA as shown in Fig. 6i. The result reveals that
the thermal stress in the convex region of the curved sample is 23.92
MPa, which is 127.8 % higher than that in the concave region (10.50
MPa). From the fracture mechanics theory, it is known that once the
residual stress exceeds the damage tolerance of the material, the cracks
existing in the structure will expand into critical cracks [63]. To put it in
another way, the microcracks within the coating induced by excessive
residual stress in the convex region increased with the number of thermal
shocks, and the microcracks gradually developed to form penetrating
cracks [45]. As a result, penetrating cracks were more likely to form in
the convex region of G-HSM, providing a channel for oxygen diffusion
into the interior of the C/C substrate. For L-HSM, the high-temperature
stabilized phases contribute to inhibit crack propagation, thus reducing
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the probability of penetrating crack formation.

Fig. 7 illustrates the surface and cross-sectional morphologies of G-
HSM and L-HSM after long-duration isothermal oxidation at 1700 °C.
From the surface images (Fig. 7a), G-HSM is composed of a black SiOy
framework with a small number of white particles dispersed on the
surface. It presents a rough surface state after long-term isothermal
oxidation, which corresponds to Fig. 4d. There are numerous holes on the
SiO, framework, which is more pronounced than those of holes during
thermal shock. This is related to the more gas products produced by
prolonged oxidation. Further observation reveals the presence of cracks,
which is caused by multiple thermal shocks from 1700 °C to room tem-
perature during the oxidation test process [64]. The local coating peeling
and oxidative corrosion pits in the concave area of the sample were
observed from the macroscopic cross-section of G-HSM in Fig. 7b. The
oxidation of C/C substrate is the reason for rapid mass loss of stage III.
The local cross-sectional view of G-HSM shows penetrating cracks and
oxidation pits left by the oxidation of the substrate (Fig. 7c). In addition,
the thickness of the coating decreased after oxidation, which is due to the
significant loss of SiOg-rich oxide scale at 1700 °C [36]. From the
macroscopic cross-section of L-HSM, it can be observed that the sample is
wrapped in a bubble oxide layer (Fig. 7e). For L-HSM, the C/C substrate is
not oxidized and the volume expansion of the oxide scale slightly in-
creases the coating thickness of L-HSM. Corresponding to the macro-
scopic optical images, there are also many bubbles on the microscopic
surface of the coating (Fig. 7d—f). Furthermore, it is observed that a large
number of white phases are embedded on the gray SiO; skeleton. Pre-
vious studies have shown that the white pinning phases can inhibit the
volatilization of SiOy [37,65], which contributes to integrity of the in-
ternal coating and confirms the phenomenon of no thinning of the
coating. The oxide scale of L-HSM was thinner than that of G-HSM from
the distribution of oxygen in the cross-section, which illustrates that
L-HSM has better oxygen isolation capacity on curved samples.

The oxidation mechanism of G-HSM and L-HSM is concluded in
Fig. 7g and illustrated as follows.

Oxidation pits

HfO,/HfSIO,

L-HSM
Bubble layer

SiO4(9)

, HiOHISO,

Bubbles

Fig. 7. Microcosmic morphologies of G-HSM and L-HSM after isothermal oxidation and the oxidation mechanism. (a—c) SEM images of G-HSM, (d—f) SEM images of L-

HSM, (g) oxidation mechanism diagram.
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(i) For G-HSM, due to the high content of Si and SiC, their active
oxidation at 1700 °C would cause extensive gas volatilization
[66]. At the same time, the lack of HfO5/HfSiO4 compounds that
could inhibit the volatilization of SiO2 and prevent the crack
propagation would produce a large number of holes and cracks on
the surface of the coating. In addition, the main phase of the
coating after oxidation was low viscosity SiO,, which increased
the fluidity of the coating. Affected by gravity and the inherent
slope feature of curved samples [42], The SiO2 melting at 1700 °C
carried Hf and Mo to form large-sized droplets that gradually
slipped to the edge of the sample and fell off after a long period of
oxidation. The loss of local coating not only induced mass decay,
but also caused local stress concentration [67] and led to the
initiation of penetrating cracks, which would give rise to severe
oxidation of the C/C substrate.

(ii) For L-HSM, SiO, generated by the oxidation of sufficient MoSiy
could heal defects in time [68]. HfO,/HfSiO4 pinning phases
contributed to inhibit the volatilization of SiO,, thus forming a
continuous SiOp-rich bubble layer on the coating surface. Such a
structure enclosed by a bubble-rich oxide scale could effectively
mitigate the oxidation inside the coating. Furthermore, the doping
of HfB, and MoSij; helps to improve the viscosity of oxidation scale
[44,69], which is the reason why no obvious droplet shedding was
observed in the edge region and the coating remained intact.

4. Conclusions

In this work, porous HfB,-SiC-MoSi, pre-coating has been densified
with gaseous and liquid silicon for curved samples. The effects of
different densification processes on curved samples are explored by
comparing the macro/micro-structure and oxidation resistance of G-HSM
and L-HSM at 1700 °C. Compared to G-HSM, L-HSM shows the more
excellent thermal shock and long-duration isothermal oxidation resis-
tance. The mass loss of G-HSM and L-HSM after 20 thermal cycles are
2.52 % and —0.07 %, respectively. The mass loss of G-HSM oxidized for
124 h and L-HSM oxidized for 200 h are 0.60 % and 0.12 %, respectively.
The negative mass decay after thermal cycling and the near-zero mass
loss percentage after isothermal oxidation of L-HSM provide insights for
the coating design of special-shaped components above 1700 °C. The
excellent oxidation resistance of L-HSM relative to G-HSM is attributed to
the smaller thermal stress and crack size, the integrity and lower
roughness of the coating after LSI. In addition, sufficient HfB; and MoSi,
not only help to inhibit the volatilization of the oxide scale, but also
improve the viscosity of the coating, thus effectively avoiding droplet
shedding caused by gravity factors and the slope characteristics of curved
samples, which is crucial to improve the performance of carbon-based
special-shaped components to withstand aerobic environments above
1700 °C.
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