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High-frequent pulsing ablation of C/C—SiC—ZrB,—ZrC composite for
different cycles to 2000 times in plasma

Wei FENG!, Yan ZHANG!, Lei LIU', Bo-yan LI, Jia-ping ZHANG?,
Xi CHEN?, Zi-bo HE!, Cheng-wei TANG!, Hai-jun ZHANG!, Qin-xin HAN!

1. School of Materials and Chemical Engineering, Xi’an Technological University, Xi’an 710021, China;

2. State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China;
3. Xi’an Rare Metal Materials Institute Co., Ltd., Xi’an 710072, China

Received 29 September 2021; accepted 12 January 2022

Abstract: The high-frequent pulsing ablation of C/C—SiC—ZrB,—ZrC composites under millisecond-scaled single
loading for different cycles was studied. The sample was ablated and cooled by plasma and airflow alternately on a
self-developed bench. Results indicated that the ablation rates decreased quickly before 1000 cycles and then declined
gradually until impact for 2000 cycles. Microstructure, phase and surface temperature analyses suggested that an
incomplete layer of mixed ceramic ablation product was formed on the surfaces of the tested composites and the
amount of the bare carbon tended to be steady after 1000 cycles. The ablation product layer weakened the thermal
stress-induced mechanical erosion and protected the carbon from erosion, which led to the evolution of ablation rates.
Key words: cyclic ablation; pulsing ablation; C/C composite; SiC—ZrB,—ZrC; cycles

1 Introduction

C/C composites possess many good properties
such as low density and coefficient of thermal
expansion, high specific strength, outstanding
anti-wear ability, superior thermal shock and
ablation resistance [1—5]. The composites have
been used as nozzle of solid rocket engine, thermal
protective system of high speed aircraft, brake disks
of aircraft and racing cars, and so on [6—10]. After
continuous modification for several decades, the
cost of the composites is reduced and the properties
are greatly improved. Up to now, the advanced C/C
composites are not only the competitive materials
for nozzle of repetitive starting liquid rocket engine,
but also potential materials for future piston of high
power density diesel engine and pantographic
slipper of high speed railway [11,12]. When used as

the above components, combustion at ultra-high
temperature will attack the composites periodically.
The single loading time is as short as millisecond
scale and the frequency could be a few tenths to
dozens of Hertz [13,14]. The working condition is
markedly different from the continuous loading
environment, and also happened for the barrel of
quick-firing gun [15] and electric brush [16].

Some work has been done to understand the
cyclic ablation of various C/C composites [17—-30].
It has been found that chemical composition [31],
interface [32] and microstructure [33] of C/C
composites were important to the cyclic ablation
behavior. Furthermore, the loading method like
single impacting time was also significant to the
cyclic ablation characteristics [34,35]. However,
the single impacting time varies from several to
hundreds of seconds while the millisecond-scaled
single loading was rarely reported [36], and the
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cyclic ablation in most of the research was no
more than 20 cycles [37]. In our recent work [36],
it has been found that the ablation rates of
C/C—SiC—ZrB,~ZrC composites under millisecond-
scaled single loading were much lower than those
for longer time whereas the evolution of the cyclic
ablation with loading cycles is still unknown.

To the piston and pantographic slipper, 2000
times thermal impacting has been widely used to
evaluate the feasibility of the material before
component and bench tests. And the evolution of
tested material varying with loading times is
important for the reliability assessment and material
optimizing. Thus, C/C—SiC—ZrB,—ZrC composite
possessing good anti-oxidation ability in a wide
temperature range [38—40] was ablated and cooled
by alternant plasma and airflow for different cycles
to 2000 times at millisecond-scaled single loading
to understand the ablation behavior and mechanism
in the present work.

2 Experimental

C/C—SiC—ZrB>—ZrC composite was fabricated
through infiltration of pyrocarbon (PyC), then
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ZrB,—ZrC and finally SiC. 2.5D needle-punched
carbon fiber felt with density of 0.4-0.5 g/cm® was
used as the reinforcement. The pyrocarbon matrix
was prepared by thermal gradient chemical vapor
infiltration with methane as carbon source at
1225-1423 K. ZrB>—ZrC and SiC matrices were
introduced into the porous C/C skeleton through
precursor infiltration and pyrolysis. The pyrolysis
was performed in a flowing Ar atmosphere at
1673—2073 K for 2 h. Other details of the
preparation could be found in our previous
papers [34,41]. The bulk density of the prepared
composite was 2.0 g/cm?® with 50.02 wt.% ceramics
(mass ratio of SiC-to-ZrB,-to-ZrC was 2:1:2).

Disk samples (d30 mm x 10 mm) were ablated
on a self-developed bench depended on a plasma
generator (Multiplaz 3500) and compressed air. As
shown in Fig. 1(a), the C/C—SiC—ZrB,—ZrC sample
was ablated and cooled by plasma and airflow
alternately. Single loading time of both the plasma
and airflow was 0.2 s and time of the movement
between these two fluids was 0.4 s. The temperature
of the impacted plasma was about 2600 K which
was ascertained by a porous zirconia. Detailed
parameters of the ablation test are given in Table 1.
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Fig. 1 Schematic diagrams of ablation test (a), impacting method (b) and loading spectra (c) of tested samples
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Table 1 Parameters of high-frequent pulsing ablation test

Parameter Value
Voltage of plasma/V 160
Current of plasma/A 6
Pressure of airflow/MPa 0.4
Flux of airflow/(m*-h™) 2
Temperature of plasma/K 2600
Temperature of airflow/K RT
Single loading time/s 0.2
Impacting angle/(°) 90
Distance from gun tip to sample surface/mm 10
Inner diameter of gun tip/mm 2
Distance between plasma and airflow/mm 150
Period of every cycle/s 1.2
Cycles for every start—stop 500

The cyclic ablation test was carried out according
to the loading spectra shown in Figs. 1(b, ¢). All
the green areas of the four spectra in Fig. 1(c)
corresponded to the loading cycles at the first 10 s
shown in Fig. 1(b). By adjusting the times of
start—stop, four kinds of ablation cycles of C500,
C1000, C1500 and C2000 were achieved. During
ablation, surface temperature of the tested sample
was monitored by an infrared thermometers of
Endurance E3ML (323—1273 K with precision of
+0.3%, and response time of 20 ms). The ablation
rates were calculated according to the changes of
the whole mass and surface central thickness before
and after ablation.

The phase, micro-morphology and chemical
ingredient of the composites before and after
ablation were characterized by an X-ray diffraction
(XRD, X’Pert Pro MPD) and a scanning electron
microscopy (SEM, JSM6460) combined with
energy dispersive spectroscopy (EDS).

3 Results and discussion

Figures 2 and 3 show the microstructure and
XRD pattern of the prepared C/C—SiC—ZrB,—ZrC
composite. It can be seen that the composite was
composed of C, SiC and ZrB,—ZrC. The lamellar
structure of the composite was clear in the
cross-sectional morphology (Fig. 2(a)). Figure 2(b)
displays that the PyC coated carbon fibers were
further enwrapped by ZrB,—ZrC particles, and
the granular SiC situated at the residual pores.
Moreover, the needle-punched zone (marked by C

composite: (a) At low magnification; (b) Magnified A

zone; (c) Magnified B zone
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Fig. 3 XRD pattern of prepared C/C—SiC—ZrB,—ZrC
composite
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in Fig.2(a)) was similar to the non-woven layer
(marked by B in Fig.2(a)). And the further
magnified morphology of B zone indicated that
both ZrB,—ZrC and SiC filled into the inner pores
of fiber bundles in non-woven layer.

Figure 4 shows the ablation rates and the
ablated macro-morphologies of the C/C—SiC-—
ZrB,—ZrC composite according to different loading
spectra of Fig. 1(c). With rising of impact cycles of
plasma, the ablation rates decreased quickly before
1000 cycles and then declined gradually until up to
2000 cycles. The evolution of the ablation rates
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suggested that the surface anti-ablation ability was
enhanced with increasing ablation cycles. By
comparing the ablated macro-morphologies with
those before ablation (image at the bottom left
corner of Fig. 1(a)), it could be found that some
white phases were formed on the surface. This
might be the reason of the decreased ablation rates.
The surface central backscattered electron
morphologies of the ablated C/C—SiC—ZrB,—ZrC
composites according to different loading spectra of
Fig. 1(c) are shown in Fig. 5. In comparison with
the morphology before ablation (Fig. 2(a)), it could
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Fig. 4 Ablation rates (a) and macro-morphologies (b—e) of ablated C/C—SiC—ZrB,—ZrC samples according to spectra
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Fig. 5 Surface central morphologies of ablated C/C—SiC—ZrB;—ZrC samples at low magnification according to spectra
of Csoo (a), Ciooo (b), Cisoo (c) and Caooo (d) (Insert at the top right corner: Corresponding proportion of black area

calculated by Image J)
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be seen that most of the black carbon was covered
by some white phase. Moreover, the amount of
bare carbon (presented at the top right corner of
corresponding figure) became steady after 1000
pulsing cycles of plasma, which was related to the
evolution of ablation rates. As marked by the red
ellipse of dash line, some micro-cracks located at
the ceramic rich region. And the diameters of the
sintered particles which were marked by red arrows
kept stable with rising ablation cycles. Thus, it
could be inferred that some of the ablation product
layers were peeled off persistently during the high
frequent cyclic ablation test. As a result, the slightly
fluctuated amount of the bare carbon from 1000 to
2000 cycles was reasonable as the ablation came
into dynamic equilibrium after 1000 cycles.

Figure 6 shows surface central morphologies
and relevant EDS analysis results of the web layers
of the ablated C/C-SiC—ZrB,—ZrC composite
according to different loading spectra of Fig. 1(c).
There were two kinds of Si—Zr—B—0 phases on the
surface, and both phases were partially oxidized
ceramics depending on the stoichiometric ratio. The
cumulus white Si-poor phase was compact and
presented a sintering state, whereas the gray Si-rich
phase was rimous. The Si-rich phase should be the
sub layer or out layer [42,43] of the Si-poor phase

Fig. 6 Surface central morphologies of web layer of ablated C/C—

e
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under continuous impacting of combustion, which
further demonstrated that the surface particles were
peeled off during the high frequent pulsing cyclic
ablation. Besides, the broken fibers (marked by
arrow in Fig. 7) on the ablated surface centers of
the non-woven layers suggested that mechanical
erosion acted as a key role in the ablation.

XRD patterns of the ablated C/C—-SiC—
ZrB>—ZrC composite are displayed in Fig. 8. The
diffraction peaks of carbon were greatly weakened
whereas the peaks of ceramics became stronger
after ablation. And all the ZrC disappeared while
Z1O; came into being, which indicated that ZrC was
oxidized during ablation. However, ZrB, should
have a priority to be oxidized than others in the
oxidizing environment depending on the thermo-
dynamics [30]. Reconsidering the mixed state of
ZrB,~ZrC and the stoichiometric ratio of Si—Zr—
B—O phases in Fig. 6, it could be inferred that the
oxidation of ZrB, might be inhibited by B:Os.
Moreover, comparison of the relative intensities
(marked by the arrows) between ZrB, and ZrO;
peaks suggested that the content of ZrO, changed
with increasing ablation cycles but no trend
could be observed, which signified that the ZrO,
was formed and consumed simultaneously. This
phenomenon was in accordance with the analysis of

Al - g"i.‘."_(«’ Q 3 ._.-.,’

¢

SiC—ZrB,—ZrC samples and relevant EDS analysis

results according to spectra of Csoo (a), Ciooo (b), Cis00 (¢) and Caooo (d)
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Fig. 7 Surface central morphologies of non-woven layer of ablated C/C—SiC—ZrB,—ZrC samples according to spectra of

Cso0 (a), Ciooo (b), Cis00 (¢) and Cao0o (d) (Insert figure at the corner: Relevant backscattered electron image)

+ o =—SIiC s—Zr0,
Yo N e—7ZB, v—7Zr,O)N,
Al

om
A o0
A ae mO

ZrOn: |, Lodoo FDE#48-1037
ZrQ2 I | I [TTRPTH TR | TR T W .-PP.E. #.3.’.7-1484
ZB, | | . 'PDF #34-0423
Sic [, | PDF #29-1129

10 20 30 40 50 60 70 80 90
200(°)
Fig. 8 XRD patterns of ablated C/C—SiC—ZrB,—ZrC
samples

the ablated morphologies. Besides, the missing
diffraction peaks of possibly existing B,O3 and SiO,
might be caused by the few amount or the fast
cooling induced amorphous states.

Figure 9 shows the surface temperatures of the
C/C-SiC—ZrB>—ZrC samples during ablation. It
was notable that the surface temperature of the
sample was much lower than that of the plasma.
According to the heat transfer theory, the surface
temperature tended to be as same as that of the
plasma with the loading time extended. However,

the single loading time was 0.2 s, which was too
short to result in a high surface temperature.
Besides, the heated surface was cooled by airflow
at the impacting interval of the plasma. Thus, the
surface temperature stabilized at about 600 K after
certain loading cycles. Corresponding to the
impacting method and loading spectra in Fig. 1, the
surface temperatures fluctuated with the loading—
unloading and start—stop cycles. The peak and
amplitude of the surface temperature kept relatively
stable but still waved all the time, which indicated
that the composition and phases of the ablated
surface was in dynamic state through the whole
cyclic ablation. This was because the measured
temperature reflected surface radiant characteristics
depending on the principle of infrared temperature
measurement. Moreover, marked by the two-way
arrows (Fig. 9), it was clear that the duration of
unsteady fluctuation at the beginning became
shorter with the increasing of start—stop cycle. Both
the above temperature evolutions should be caused
by the accumulation and peeling-off of ablation
products. Furthermore, the surface temperature was
lower than 600 K all the time. It was confusing that
how the cyclic ablation worked in such a low
temperature which was below the starting oxidation
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temperatures of all of the
composite.
To wunderstand the high-frequent pulsing

ablation mechanism under different loading cycles,

the components
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a schematic diagram is shown in Fig. 10. The
wave in box which was displayed in the figure
represented the infrared ray from the ablated sample
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More waves suggested stronger infrared intensity,
which was on behalf of the higher temperature.
When plasma was impacted on the original surface
of the C/C—SiC—-ZrB,—ZrC sample, the composite
would be heated to higher temperature by the
ionized H,O and mixed air. The diverse zones of the
composite obtained different quantities of heat due
to their various emissivity as thermal radiation
dominated the heat exchange [36,44]. Thus, the
carbon and SiC phases acted as the hot points which
had higher temperature than the ZrB,—ZrC. And
more infrared radiation messages at certain wave-
lengths from carbon and SiC were detected by the
thermometer. In another word, the temperature of
carbon and SiC was higher than the measured
average value. Therefore, oxidation could happen at
these hot points. Meanwhile, some carbon fibers

were broken by thermal stress, as shown in Fig. 7(a).

With consumption of the carbon through oxidation
and shear fracture, the nearby partially-oxidized
ZrB,—ZrC and SiC spread out under shearing force
of the combustion flow and covered the sunk
carbon. At the same time, these ceramic particles
sintered as their oxidation elevated the emissivity
and some oxides acted as the aids. This process was
similar to the fabrication of materials under spark
plasma sintering. Finally, the surface was coated by
the mixed ceramics while some cracks appeared
under the high-frequent alternate loading of
combustion and airflow.

Obviously, the oxidation was feasible in the
view of thermodynamics, but just played a limited
role in ablation since the single heating time was
too short and was accompanied by following
air-cooling. Besides the low surface temperature,
when taking all the micro-cracks located at the
ceramic-rich region and stable sizes of the sintered
particles (Fig. 5), broken fibers (Fig. 7), fluctuated
Zr0O; peaks (Fig. 8) and waved peak and amplitude
of surface temperature (Fig. 9) into consideration,
it could be inferred that mechanical erosion
dominated the ablation while thermal chemical
erosion and phase transition acted as the assistant
factors. The transient impacting of plasma and
cooling airflow would lead to three kinds of
mechanical erosions: (1) one was caused by
temperature difference between inside and outside,
(2) another one was determined by various surface
phases, and (3) the last one was resulted from the
scour of fluid. With accumulation of the ablation

products, the former two mechanical erosions were
weakened as the surface carbon was covered by
ceramics containing large amount of ZrO,. The heat
was insulated by the surface ablation products
and the thermal physical differences between the
two mixed ceramics of Si—Zr—B—O phases were
smaller than those of the original surface phases.
Meanwhile, the oxidations of the carbon fiber and
matrix were also protected by the ablation product.
Furthermore, the mixed ceramic phases, especially
for the sintered compact Si-poor phase, could not
survive from the peeling-off of combustion flow
under the high-frequent severe thermal shock. As a
result, the ablation rates decreased quickly first and
then declined gradually.

4 Conclusions

(1) When ablated under millisecond-scaled
single loading at high frequency, the ablation
rates of C/C—SiC—ZrB,—ZrC composites decreased
quickly before 1000 cycles and then declined
gradually until impact for 2000 cycles.

(2) An incomplete layer of mixed ceramic
ablation product was formed on the surfaces of the
tested composites and the amount of the bare
carbon tended to be steady after 1000 cycles.

(3) The ablation product layer weakened the
thermal stress-induced mechanical erosion and
protected carbon from erosion, which led to the
evolution of ablation rates.
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