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Laser ablation behaviors of C/SiC composites were examined in a hypersonic wind tunnel. Parallel laser ablation
tests under static air were also conducted, and the ablation behaviors of these two conditions were compared.
Mass ablation rates were augmented by 4-9 times when subjected to the hypersonic airflow. Ablation mor-
phologies were significantly different in the micro and macro scales, and the needle-like microstructure of carbon
fibers under static air turned to be rough and tattered under the hypersonic airflow. The accelerated ablation rate

and the peculiar ablation micro-morphologies were mainly attributed to the strong mechanical erosion induced

by hypersonic airflow.

1. Introduction

Continuous fiber-reinforced ceramic matrix composites (CMCs) are
attracting considerable interest and increasingly applied in aerospace
fields due to their high specific stiffness and strength, high temperature
tolerance, and good thermal shock resistance [1-4]. As one of the most
topical CMCs, C/SiC composites are promising materials for thermal
protection systems (TPS) in the development of hypersonic flights. The
ablation performance of the C/SiC composite is closely related to its
practical service life and has a remarkable effect on the optimal design of
hypersonic vehicle structures [5-8].

Conventional experimental methods for the ablation test of C/SiC
composites are the oxyacetylene flame and the plasma arc [9-14], and
the examination of the morphology and the microstructure of C/SiC
composite after ablation is a typical method to learn ablation mecha-
nisms [13,14]. Generally, the ablation morphology can be divided into
three regions, i.e., center, transition, and edge regions [9,13]. Chen [14]
has compared the morphology and the microstructure of the ablation
center of C/SiC by using the oxy-acetylene flame at different tempera-
tures. The sublimation of the carbon fiber and SiC matrix are the main
ablation behavior above 3550 °C, and the thermal decomposition and
the oxidation of the SiC matrix are the main ablation behaviors at 2900

°C. Typically, C/SiC composites are used in high-enthalpy and
high-speed airflow environments, thereby facing the conditions of high
temperature, high pressure, and strong erosion. Some researchers have
used the arc and the plasma wind tunnels to study the ablation char-
acteristics of C/SiC composites for the simulation of the service envi-
ronment of high-speed and high-enthalpy chemical nonequilibrium
airflow [15-17]. The incoming flow affects the oxidation rate and ac-
celerates the ablation process due to the erosion effect [16].

Some researchers have studied the ablation morphology of com-
posites at the multiscale level [18-21]. For C/C composites, the micro
ablation morphologies of carbon fiber and matrix are affected by two
competitive regimes of reaction-limited and diffusion-limited [20].
Carbon fibers have a needled shape under fast diffusion and ogival
shapes under fast reaction. Similar phenomena also appear in C/SiC
composites [13,14]. Micro morphologies are closely related to ablation
conditions and affect the ablation behavior under high-speed airflow
conditions [21].

Given the advantages of the stable ablation energy and the non-
additional chemical reaction, the high-energy laser has become a new
method to study the ablation behavior. And the laser ablation perfor-
mance of thermal protection materials has become a research focus
[22-27]. Research shows that the sublimation and the physical erosion
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are the main causes of the evolution of the ablation center due to the
local low oxygen and the high heat flux environment induced by the
high-energy laser [26]. Wang [27] has investigated the effect of the
transverse supersonic airflow on the laser ablation of C/SiC composites
experimentally. The laser ablation rates of C/SiC composites were
augmented by the supersonic airflow. Moreover, the ablation mor-
phologies and the microstructure of C/SiC composites are quite different
from those in the static air environment.

Aerodynamic force and heat in hypersonic conditions are more se-
vere compared with those in static and supersonic environments. And in
some situations, the material surface is subjected to the vertically high
heat flux together with the transverse hypersonic airflow, bringing more
complex mechanisms on the ablation progress. Thus, the effects of
transverse hypersonic airflow on the laser ablation behavior of C/SiC
composites, which is different from that of conventional conditions, are
also worthy of study. This research is helpful to estimate the service limit
and the ablation endurance of C/SiC in some extreme conditions.
However, reports on the ablation behaviors of C/SiC composites caused
by the coupling effect of the high local heat flux induced by intense laser
and high-enthalpy hypersonic airflow remain unavailable. In the present
study, a continuous wave laser beam is used as heat source to investigate
the ablation resistance of C/SiC composites in a hypersonic wind tunnel.
Parallel laser ablation tests are also performed in a static air environ-
ment. The experimental results of the two conditions are compared, and
the morphologies, microstructure, and mechanisms of laser ablation
behaviors of C/SiC composites subjected to the transverse hypersonic
airflow are elucidated. Ablation models are introduced to evaluate the
contribution of the accelerated ablation due to different mechanisms.

2. Experimental
2.1. Materials

C/SiC composites with two different carbon fiber preforms, i.e., two-
dimensional woven (2D) and three-dimensional needle (3DN), were
tested. C/SiC samples were fabricated via the chemical vapor infiltration
(CVI) process by the Science and Technology on Thermostructural
Composite Materials Laboratory, Northwestern Polytechnical Univer-
sity, PR China. The 2D preform was made of stacking plain weave carbon
cloths (PAN, T-300, Toray Co., Japan) [28]. The 3DN preform was
composed of orthogonal non-woven carbon cloths (0°, 90°) and the
short cut net ply that repeatedly superimposed for desired thickness. The
needling process was carried out to keep adjacent units together with
carbon fibers [29]. Carbon fiber preforms were densified by the depos-
iting the pyrocarbon (PyC) interphase with a thickness of 200 nm, and
then the preforms were heat-treated at 1800 °C for 2 h under vacuum.
Porous preforms were fabricated through the deposition of the SiC
matrix via the low-pressure CVI process: the deposition temperature was
1000 °C, pressure was 5 kPa, time was 240 h, the molar ratio of Hy to
MTS (CH3SiCl3) was 10 [26,30]. The 2D and the 3DN C/SiC composites
were prepared using this method. Moreover, Ti3SiCy-modified 2D C/SiC
composites were fabricated through slurry and liquid silicon infiltration
(LSI) methods. The introduction of the Ti3SiC, matrix decreases the
ablation rate of composites [30]. The properties of C/SiC composites
tested in the present study are shown in Table 1.

Table 1

The properties of different C/SiC composites.
Composites Density Porosity Bending Bending Fracture

(g/cm®) (vol%) strength modulus toughness
(MPa) (GPa) (MPa-m'/?)
2D C/siC 2.00 13 539 + 39 - 223 +1.0
2D C/SiC- 2.42 8 447 + 25 42 £2 16.1 £1.1
TizSiCy

3DN C/SiC 2.10 18 242 + 38 46 £ 10 18+7.0
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2.2. Laser ablation setup

A continuous wave laser device was used in the ablation test (YLS-
2000 IPG fiber laser). The laser beam was irradiated on the center of the
C/SiC sample with a vertical angle of 90°. The size of samples for
ablation tests was 50 mm x 50 mm x 2 mm. Table 2 shows the main
parameters of the laser device in the ablation test.

2.3. Experimental environment setup

As shown in Fig. 1, the laser ablation tests of C/SiC composites were
conducted in a hypersonic free jet wind tunnel with the freestream of
Mach 6.0. High-enthalpy and high-pressure gases produced by
hydrogen-oxygen combustion were conveyed as high-speed airflow in
the hypersonic wind tunnel [31]. The C/SiC composite was installed on
a specially designed fixture inside the wind tunnel. The laser beam was
delivered to the C/SiC sample through the airtight observation window.
The instantaneous response of the sample on the back surface was ac-
quired with measurement devices through the observation window on
the other side. The temperature of the back surface was measured by
colorimetric temperature measurement (Fluke Endurance). Further-
more, the laser and the measuring equipment were synchronously
triggered and controlled by the wind tunnel system. Some parameters of
the freestream in the ablation test are shown in Table 3. Comparative
tests under static air were also conducted at the same test parameters.

2.4. Characterization

The microstructure of ablated composites and the composition of
ablation products were captured using scanning electron microscopy
and energy-dispersive spectrometry (SEM and EDS, respectively;
Hitachi-S3400). The depth and the 3D morphologies of ablation pits
were measured using the Bruker DektakXT profiling system and the
HIROX KH-8700 3D digital microscope system, respectively. The mass
loss of the laser-ablated samples was determined using a laboratory
balance (£0.1 mg). The mass ablation rate (R, mg/s) of the ablated
sample was calculated in accordance with the formula:

R, = M’ 6))
t

where my and m; are the sample weights before and after ablation (mg),

respectively, and t is the ablation time (s).

3. Results and discussion
3.1. Aerodynamic cooling effect of airflows

Fig. 2 shows back-surface temperature histories in two environ-
ments. The back-surface temperature of C/SiC before laser irradiation
was approximately 640 K (period 1 in Fig. 2) due to the aerodynamic
heating. Upon laser irradiation, the back-surface temperature in the
hypersonic airflow environment was lower than that in the static air
environment due to aerodynamic cooling effects. According to Newton’s
law of cooling,

Table 2

Main parameters of the laser device in the ablation test.
Parameters Value
Laser wavelength (nm) 1070
Laser power (W) 2000
Spot diameter (mm) 10
Laser power density(W/cm?) 2546
Irradiation time (s) 4

Ambient temperature (K) 293
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Fig. 1. Schematic of the laser ablation tests system in the hypersonic
wind tunnel.

Table 3

The parameters of the freestream in the ablation test.
Parameters Value
Total temperature (K) 1784
Static temperature (K) 222.4
Total pressure (kPa) 4257
Static pressure (kPa) 2.550
Mach number 6.0
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Fig. 2. Back-surface temperature of C/SiC sample in the two environments: (a)
2D C/SiC, (b) 3DN C/SiC.
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where 1 is the thermal conductivity (W/m-K), h is the surface heat
transfer coefficient due to airflow properties and velocity (W/m?2K), Tyis
the ambient airflow temperature (K), and T, is the wall temperature of
the heating surface (surface temperature of samples, K).

The sublimation temperature of C/SiC sample was beyond 3000 K,
and upon laser irradiation, T, was soon higher than 2000 K. By contrast,
the static temperature and the total temperature of Ma 6.0 airflow were
below 250 K and 1800 K, respectively, in the present test. It indicated
that Ty was much lower than T,, and the airflow was taking away heat
from the ablation surface continuously. Also, the surface heat transfer
coefficient (h) increased as the airflow speed increased. Thus, compared
with static air, the hypersonic airflow had significant cooling effects on
the laser irradiation surface during the ablation stage.

The thermal response time of the 3DN C/SiC sample was faster than
that of the 2D C/SiC sample (Fig. 2a and b), because the low thermal
conductivity of matrix and the weak interlayer bonding of 2D C/SiC led
to slow heat transfer in the interlaminar direction. By contrast, the high
thermal conductivity of the carbon fiber and the structural integrity of
3DN C/SiC maintained high through-thickness heat transfer. Therefore,
2D C/SiC had lower thermal diffusivity than 3DN in the thickness
direction.

3.2. Macroscopic morphologies and ablation rates

Fig. 3 shows the laser ablation morphologies of the ablated 2D and
3DN C/SiC samples reconstructed by the 3D digital microscope system.
Despite the cooling effect of airflow, the ablation damage of C/SiC
composites subjected to the hypersonic airflow was exacerbated
remarkably. The maximum ablation depth in the hypersonic airflow
environment was greater than that in the static air environment, and the
surface of ablation pits was also smoother. Three ablation regions with
well-defined boundaries were clearly distinguished in static results, and
these results were similar to those reported in the previous work [25]. By
comparison, the boundaries of the three regions in the hypersonic results
were blurred. The area of the white oxide layer visibly decreased.
Moreover, the aerodynamic erosion effects, which made the ablation pit
asymmetric, were evident downstream of the ablation pits under
airflow.

The depth of ablation pits was analyzed further through the profiling
system. Fig. 4 shows the comparison of the profile of ablation pits along
the central axis of the 2D and 3DN C/SiC samples in the two environ-
ments. Ablation pits under hypersonic airflow were larger and deeper
compared with those in the static environment. For 2D C/SiC compos-
ites, the maximum depths in the static and the hypersonic results were
801 and 1216 pm, respectively. Moreover, the depths of the 3DN C/SiC
in the static and the hypersonic environments increased to 1145 and
over 1270 pm, respectively. A fast temperature transfer in the thickness
direction occurred in 3DN samples (Section. 3.1), resulting in a large
ablation depth under both airflow conditions. Profiling results regularly
accorded with the results of the 3D digital microscope system in Fig. 3.
Aerodynamic erosion effects accelerated the removal of the ablation
boundary and resulted in a relatively smooth ablation surface in the
hypersonic environment.

Fig. 5 shows the mass ablation rates (R;;) of C/SiC composites. The
average mass ablation rates of 2D, 3DN, and 2D Ti3SiCy-modified sam-
ples were 22.8, 29.3, and 13.2 mg/s, respectively, under static air; and
increased to 116.8, 142.2, and 131.7 mg/s, respectively, under hyper-
sonic airflow. The ablation rates of 2D and 3DN samples in the hyper-
sonic environment were approximately augmented by 4 times compared
to those in the static air. The reason for increased ablation rates will be
discussed in the next sections. Among the three kinds of materials, 3DN
C/SiC composites had the highest porosities because of their specific
structural design and knitting process. High porosity and insufficient
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Fig. 3. 3D morphologies of ablated C/SiC in different environments: (a) 2D C/SiC in the static air environment; (b) 2D C/SiC in the hypersonic airflow environment,
(c) 3DN C/SiC in the static air environment, (d) 3DN C/SiC in the hypersonic airflow environment.
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compactness resulted in great oxygen diffusion and oxidation reaction
rates. Moreover, the 3DN sample had higher thermal diffusivity than the
2D sample in the thickness direction. Under high heat flux conditions,
the temperature of the surface rapidly reached the ablation temperature,
and the higher thermal diffusion ability in the thickness, the faster the
ablation front develops. Thus, a deeper ablation depth and more mass
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loss occurred in 3DN samples. Therefore, the ablation mass loss of the
3DN C/SiC was both the highest under the static air and airflow con-
ditions. The experimental results of the Ti3SiCy-modified C/SiC under
static air showed that the modification method was effective in the
ablation resistance, and this finding agreed with that in previous work
[30]. However, in the hypersonic airflow environment, the ablation
rates 2D-modified sample were augmented by 9 times compared to it in
the static air. The laser ablation resistance of the 2D-modified sample
was lower than that of the 2D-unmodified sample. The oxides existing on
the ablation surface of C/SiC-Ti3SiCy were mainly composed of SiO5 and
TiO4 [30], and the melting points of SiO5 and TiO5 were about 1720 °C
and 1840 °C, respectively. The oxides were in liquid form and exhibited
little strength at high temperatures in the ablation region. Thus, the
oxides were easily blown away when subjected to high-speed airflow.
However, the densities of TiO5 and SiO, are 4.2 g/cm3 and 2.2 g/cm?,
respectively. The addition of Ti3SiCy to C/SiC increases the total mass
fraction of liquified oxidation products at high temperatures, i.e., the
mass fraction of liquids generated in C/SiC-Ti3SiCy (TiO2 and SiO3) was
higher than that generated in the C/SiC sample (only SiO5). Thus, the
Ti3SiCy-modified sample had more mass loss than the unmodified
sample. Therefore, the difference was partly because of the mechanical
erosion of the extra titanium compounds induced by the aerodynamic
force at high temperatures.

3.3. Microscopic morphologies and microstructure

Fig. 6 (a)-(b) show SEM and EDS results for the ablation pits of the
2D C/SiC composites in the two environments. Regions A-C (or D-F)
were the center, transition, and edge regions of the ablation pit,
respectively. Areas 1-4 were marked, and the component analysis was
given. In the static air environment, the carbon fibers at the center re-
gion exhibited a needle-like structure (Fig. 6a). At the ablation transi-
tional region, the SiC particles with an atomic proportion of silicon and
carbon of 54.67:45.33 were identified clearly in Area 1. The white layer
with an atomic proportion of silicon and oxygen of 37.11:62.89 in Area 2
was the solidification of silicon oxides at the edge region.

The microscopic ablation morphologies of C/SiC composites in the
hypersonic airflow environment are given in Fig. 6(b). Intense ablation
damage and aerodynamic erosion effects appeared at the ablation center
region of the ablation pit. Carbon fibers were torn and roughened by the
hypersonic airflow. The SiC particles that formed at the transition region
of the samples in the static air environment almost vanished due to the
erosion effect. Area 3 was composed of silicon, carbon, and oxygen with
a ratio of 34.11:51.79:14.10 following the EDS results. The component
analysis illustrated that residual fibers and the partially oxidized SiC
matrix remained at the ablation transition region. Compared with those
in the static environment, the silicon oxide layer with an approximate
ratio of 34.75:65.25 for silicon and oxygen were deposited and partially
exfoliated in the downstream area of the hypersonic airflow
environment.

As shown in Fig. 7(a), carbon fibers with the needle-like structure
were seen in the ablation center of the C/SiC sample in the static air
environment. The morphologies were mainly due to the difference in the
ablation reactivity between the matrix and the fiber. The SiC matrix was
more ablated than the carbon fiber under high temperature, and carbon
fibers were exposed to air. The needle-like structure was a result of the
competition between diffusion and reaction of exposed carbon fiber,
which was elaborated in previous work [20]. By contrast, the fibers
exhibited an evident rough and tattered morphology in Fig. 7(b). When
air was flowing on the ablation surface, the diffusion of oxidation gas
inside the material was accelerated. The ablation regime was more
reaction-limited in the ablation center, and the difference in the reac-
tivity between the matrix and the fiber was increased. Thus, the fiber
was exposed for a longer length. Furthermore, this difference in the
microscopic structures was due to the heterogeneities of the carbon
structure inside carbon fibers, and the impact by high-speed airflow and
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Fig. 6. SEM and EDS results for the ablation pits of the 2D C/SiC composites in the two environments: (a) Static, (b) Hypersonic.
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Fig. 7. Microscopic morphologies of the ablated carbon fibers in the two environments: (a) Static, (b) Hypersonic.

the particles of ablation products at high temperatures. The phenome-
non illustrated that ablation morphologies were also significantly
different at the micro-scale, and intense effects of aerodynamic erosion
were both reflected macroscopically and microscopically.

3.4. Ablation mechanisms

The temperature difference between the ablation surface and back

surfaces can be estimated in accordance with the Fourier’s Law:

or AT

q=—dg =i 3)
where AT is the temperature difference between the front surface and
the back surface, Az is the thickness of specimen, 4 is the thermal con-
ductivity in thickness direction, dT/on is the temperature gradient in the
n-direction (thickness direction), and q is the heat flux density input to
the ablation surface.

Considering the laser energy, radiation, convection, and reaction
heat on the ablation surface, and thickness changing of samples at the
ablation center, g, 4, and Az take the value of 1.2 x 107 W/mz, 10/14
(2D/3DN) W/m-K [28], and 1.5-2 x 1073 m, respectively. Therefore,
AT was evaluated at about 1800-2400,/1286-1714 K for 2D/3DN C/SiC
composites. The sublimation temperatures of carbon fibers and the SiC
matrix were above 3600 and approximately 3000 K, respectively. Thus,
the temperature of the ablation center was assumed to be above the
sublimation temperature of carbon fibers.

The laser ablation mechanisms of the three regions under static air
were different. The SiC matrix was more ablated than the carbon fiber.
Thus, the sublimation of the SiC matrix was adequate, and partially
sublimed carbon fibers were exposed to air. Moreover, the decomposi-
tion of the partial SiC matrix and the oxidation reaction of residual
carbon fiber were also involved. Thus, the needle-like structure of fiber
was due to the difference in the ablation reactivity between the matrix
and the fiber, and the competition between diffusion and reaction of the
fiber. The temperature of the ablation transition region was lower than
that of the ablation center. It was insufficient to induce the sublimation
and decomposition of SiC matrix. Thus, the ablation was dominated by
the partial oxidation of the carbon fibers and the SiC matrix, and SiC
particles were protuberant on the ablation surface. At the ablation edge
region, the liquid silicon oxide solidified and was deposited as a result of
relatively low temperature, thereby preventing the further oxidization
of material in this region.

The laser ablation mechanisms of the three regions changed due to
the hypersonic airflow. Tattered structures instead of needle-like were

found for ablated carbon fibers in the center region, due to the hetero-
geneities of carbon structure and the impact by high-speed airflow and
solid ablation products. In the transition region, SiC particles were
blown away, residual fibers and the partially oxidized matrix remained.
In the edge region, when the air was flowing over, silicon oxide
exhibited low strength and was massively exfoliated owing to the in-
fluence of aerodynamic forces. Therefore, the oxidation reaction was
aggravated. On the basis of the analysis above, the reactions were as
follows [14]:

C(s) = C(»), C))
SiC(s) = SiC(g), ()
SiC(s) = Si() + C(2), (6)
2SiC(s) 4 30x(g) = 25i05(1) + 2CO(g). %)
SiC(s) + Oa(g) = SiO(g) + CO(g), ®)
Si(s) + Ox(g) = SiO (D), 9
SiO,(1) + CO(g) = SiO(g) + COx(g), 10)
2C(g) + Ox(g) = 2CO(g). an
C(2) + Ox(g) = COAg) (12)

When the hypersonic air was flowing over the ablation surface, the
diffusion of oxidation gas on the ablation surface was accelerated. The
oxygen transferred to the ablation surface was sufficient for the oxida-
tion reaction. Thus, the oxidation reaction was reaction-limited instead
of diffusion-limited. Thus, the fiber was exposed for a longer length in
the ablation center, and the oxidation reaction increased in the transi-
tion region. In addition, massive ablation products (i.e., SiC particles
and liquid SiOy) were removed, and the oxidation reaction was aggra-
vated in the edge region. Therefore, the oxidation reaction increased
under airflow, and mass ablation rates (R;,) significantly accelerated.
The laser ablation behaviors of the C/SiC composites subjected to the
hypersonic airflow were the combined effects of sublimation, increased
oxidation, and intense aerodynamic erosion. Despite the cooling effect
that occurred on the ablation surface, the aerodynamic erosion induced
by hypersonic airflow accelerated the laser ablation.

3.5. Ablation models

As shown in Fig. 8, the energy conservation on the ablation surface
is:
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where 4 is the thermal conductivity in the thickness direction, 0T/on is
the temperature gradient in the n-direction (thickness direction), gjgser is
the incident laser energy density, « is the laser energy coupling coeffi-
cient, grqq is the heat flux radiated from the ablation boundary to the
ambient airflow, gcony is the convective heat transfer between the abla-
tion boundary and the ambient airflow, g,y is the heat flow released by
the oxidation reaction, qpnes is the heat flux consumed by the sublima-
tion reaction, and gj; is the heat flux density transferred into the
material.
In addition, mass conservation is followed on the ablation surface.

My = Ny — Mg, a4)

where m,,_; is the mass flow rate of component i induced by the ther-
mochemical reaction, m;, is the mass flow rate of component i caused by
the chemical reaction and the overall diffusion of gas, and m, is the mass
flow rate of component i in the gas from the outer edge of the boundary
layer transition section to the ablation wall.

The heterogeneous ablation of C/SiC composites occurs under
airflow (Fig. 9). On the composite surface, there appears a boundary
layer with the ablation surface temperature (Ty), density (p.), pressure
(pe), and airflow speed (u). All chemical, heat, and diffusive interactions
were assumed to occur immediately on the interface ) of the composite
and the boundary layer. Thus, all characteristics of gas do not change
over the boundary layer thickness [32].

When the laser and airflow interact with the composite, the ablation
of materials was characterized by the linear rate v, which motion along
the normal to the ablation surface. In accordance with the models sug-
gested in [33], the total rate v is a linear superposition of two
constituents:

V = Vpetvrm, (15)

vrc is the summarized linear rate of the thermochemical ablation of
composite under airflow, which consists of two parts, i.e., vp and vs. vo is
the linear rate of the chemical reaction of oxidizing, and vs is the linear
rate of sublimation of the chemical components of the composite.

Vrc = Vs + Vo (16)

vy is the summarized rate of the thermomechanical erosion of the
composite, which consists of the erosion rates of the matrix (v,) and the
fiber (vy).

Fig. 9. Scheme of heterogeneous ablation of C/SiC composites under airflow:
1-initial composite, 2-pores in composite, 3- thermochemical ablation, 4-
thermomechanical erosion. 5- ablation products. 6- boundary layer.
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VM =V, vy, a7
The ablation rate of sublimation of C/SiC can be described by [33]:

1 . EysMs
A CICTACIES ot as

where p,, is the density of the composite on the ablation surface, a/c, is
the heat transfer coefficient in a boundary layer, p, is the local pressure
of airflow, py* is the constant pressure, Ms is the molecular mass of the
sublimation reaction, Eag the activation energy of the sublimation re-
action, and R is the ideal gas constant. The ablation rate was inversely
proportional to the local pressure of airflow (p.). Thus, a low local
pressure can increase the sublimation rate.

The ablation rate of the oxidation of C/SiC can be described by the
Arrhenius equation:

I M, TN" . EuMeo
S N _Zaitlioy 19
0= 52 o (%) (7, ) (19)

where for the ith component: M; is the molecular mass, Mg, is the
relative molecular mass of oxygen, Ppy, is the oxygen partial pressure
near the ablation surface, n is the reaction order, E4; and A; is the acti-
vation energy and pre-exponential multiplier of the oxidation action,
Mjo is the molecular mass of the oxidation reaction, and (T,,/Tg)™ is the
temperature correction coefficient.

The ablation rate of the erosion of fiber and matrix can be described
by [32]:

1/2 1/3
| quk/ / 6‘02 / RT, 12 Ey o 1/2
VL= =) SXP\ —nr v =veel )
Py cr Of1 EAf RT, oy

(20)

0 12 (6p 1/3 12
Vi = i Lnkm z RiTw exp| — Ean ) (21)
P \ Cm Ot E,, 2RT,,

where v;, and vy are the rates of the external thermomechanical erosion
of fibers in transverse and longitudinal directions; ky, pf, crand k i, p m, €
m are the heat-physical characteristics of the fibers and matrix, respec-
tively; py- is the pressure head of airflow on the ablation surface; oy is
the ultimate strength of matrix in tension; og and oy are the strength of
fibers in longitudinal and perpendicular directions; J?, Eppand J 0 Eam
are pre-exponential multiplier and activation energy of thermal
decomposition process. Meanwhile, p, u? can be regarded as the
contribution of airflow to the erosion effect:

pr = pa, (22)

The erosion effect is proportional to the kinetic energy of the airflow.
For transversally isotropic composites, two different components
exist about the ablation rate of erosion [33]:

Vi = Vo (13 + 13) + Va3, (23)
ve = vy (n] +n3) + v, 2

where n; is the component of normal vector n, vy, is the rate of the
surface orthogonal to the axis ng (in-plane direction), and vy;2 is the rate
of the surface orthogonal to the axes n; and ny (thickness direction).
Some constants and parameters are given from [32,33]. Under the
hypersonic air conditions, the ablation rate of sublimation increased due
to decreased local pressure p,, and the erosion rate also increased as a
result of the significant increase in pressure head ps~. Therefore, the total
ablation rate was greatly augmented in the hypersonic environment.
The region downstream of the airflow in the ablation pit (M6.0, p, =
2.55 kPa, py: = 175 kPa), which was substantially affected by the
high-speed airflow in our study, was selected. The assumed



Z. Wang et al.

T
1
025 | :
1
|
o 020} !
E —=— Sublimation :
% 015 —e— Oxidation !
g —— Erosion '
g 1
2 —e— Total rate !
s 010
=
<
0.0s |
0.00 T —
500 1000 1500 2000 2500 3000
Temperature (K)

Fig. 10. The contribution of different mechanisms in ablation process under
hypersonic airflow.

temperatures of the same region at different ablation times were 2500
and 3000 K. The contribution of different ablation mechanisms is shown
in Fig. 10. The ablation rate of sublimation and erosion accounted for
19.88 % and 68.96 %, respectively, of the total rate at 2500 K; and 40.13
% and 55.03 %, respectively, of the total rate at 3000 K. The calculation
values indicated that the mechanical erosion played a leading role in the
ablation process of this region under a hypersonic airflow. The discus-
sion only described the relationship of several ablation mechanisms
semi-quantitatively. The strict quantitative calibration needs the sys-
temic 3D coupled fluid-thermal-mechanical numerical model incorpo-
rated with detailed ablation models, which will be the focus of further
work.

4. Conclusion

The laser ablation behavior of C/SiC composites was investigated in
a hypersonic wind tunnel. Ablation morphologies, microstructure,
ablation depth, and ablation rates were obtained and compared with
those in the static air environment. Owing to hypersonic airflow, the
convective heat on the ablation surface increased, and the deposition of
ablation products decreased. The strong aerodynamic erosion effect
resulted in altered macroscopic morphologies, increased ablation depth
and width, and enhanced mass ablation rates (R,) by 4-9 times.

The needle-like microstructure of carbon fibers exhibited rough and
tattered morphologies at the center region, due to the impact by high-
speed airflow and solid ablation products. SiC particles were blown
away, and residual fibers and partially oxidized matrix remained at the
transition region. Silicon oxides were deposited downstream of the
airflow and had been massively exfoliated at the ablation edge region.
Therefore, the oxidation reaction was aggravated. Ablation morphol-
ogies were also significantly different at the micro-scale, and the intense
effects of aerodynamic erosion were both reflected macroscopically and
microscopically. The effects of the laser ablation of the C/SiC composites
subjected to the hypersonic airflow were the combination of sublima-
tion, increased oxidation, aerodynamic cooling, and intense mechanical
erosion. Finally, the ablation rate models of thermochemical ablations
and thermomechanical ablation were introduced into the hypersonic
airflow condition, and the contribution of different ablation mechanisms
was evaluated semi-quantitatively.
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