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Fig. 1 Schematic diagram of experimental setup
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Table 1 The basic parameters of C/SiC composites

M

) Density Porosity Bending strength Bending modulus Fracture toughness
Composites
(g/cm?) (vol.%) (MPa) (GPa) (MPa'm'?)
2D C/SiC 2.0 13 539+39 — 22.3+£1.0
3DN C/SiC 2.1 18 242+38 4610 18.0+7.0

CFRP & &M R M58 AH A T700 R 4F4E, FE4K BA9916 & —F 180 °C iy il [l 4 = i
REME, 4207 ON[45°, 0°, -45°, 90%]s, Aiit 16 |2, FEEREN 0.15 mm, R RFH
50 mmx50 mmX2.4 mm, FEAMERESEWE 2 Fin.

% 2 T700/BA9916 CFRP R & #1 K1) 1 EBLAN /) Ak Re S 4L
Table 2 The main physical and mechanical properties of the T700/BA9916 CFRP plates

Physical properties Parameter Mechanical properties Parameter
Matrix Content (wt%) 38+3 0°Tensile Strength (MPa) 1489
The density of matrix (g/cm?®) 1.30+0.04 0°Tensile Modulus (GPa) 132.8
The density of fiber (g/cm?) 1.78+0.04 90°Tensile Strength (MPa) 58.5
Volatile Content (%) <1.5 90°Tensile Modulus (GPa) 9.7
Porosity (%) <15 Shear Strength (MPa) 121
Lamina Thickness (mm) 0.15+0.015 Shear Modulus (GPa) 53
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K 2 Bk AR RO IR 5l A R PRSI MIES. (a) 04s; (b) 0.8s; (¢) 1.2s; (d)
16s; (e) 2.0s; () 2.4s; RHEEH I EEOVIRAMMET R, T EOCRIEEE SR
Fig. 2 The dynamic laser ablation morphology of Ti alloy exposed to laser irradiation and supersonic tangential
airflow. (a) 0.4 s; (b) 0.8 s; (¢) 1.2 s; (d) 1.6 s; () 2.0 s; (f) 2.4 s; The figure includes two parts: upper figure is

obtained by in-situ observation technology, down figure is obtained by optical flow method
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Fig. 3 The dynamic laser ablation morphology of Ni-base superalloy exposed to laser irradiation and supersonic
tangential airflow. (a) 0.4 s; (b) 0.8 s; (c) 1.2 's; (d) 1.6 s; (e) 2.0 s; (f) 2.4 s; The figure includes two parts: upper

figure is obtained by in-situ observation technology, down figure is obtained by optical flow method

TEWOCHR IR Ay 0.4 s DL 0.8 s BF (B3 (a) FIE 3 (b) ), HE&E&HotheiT
NRAL, AR 37728 4 A SO 6 B X T 4R S DU IR RS . ORI R 9 1.2 s 1,
i < P R X U B AN ) TR <, AR R AR TR . B TRTEN U A E A R
BEBA BRI A, A SRR AR LT LR 5 RS, TRENBC S, T
B LA SRR R A B ST 2 X P I B O R 2 O R . W 3 (D) L 3
(e) M3 (D Frw, RIEXPIRE Nwte, HAEE W0 R0 b 2 R X i

G a SRE S IR A S W R IR S R RE RO 5 D) R SRR &R R 2R i 1R 43



BN 1.32s fl 1.44 s, IAFILEADHNAN 7.23 mm A1 5.72 mm. & S s LA K i 2 i
A 22 5 1 JER A 2 B HE T 9 3 S Al IR T AN AR 8 . AR Kelvin-Helmholtz HLii 7 11221,
PRI RE R R A B0 S S RS R I 2T AR E 1 B AU, B I IR
m, BRI AR N, I D) R R RS A 2L 1 SRR R T 5K
DRI B TEAE G, BRI Al &S I () R T 7k R B, S s o 2 04 BRI o TR,
HIRERG & TC4 HIME AL (1670 °C) v T8 &l &6 GHO25 1JE /(1340 °C) , {HJZ
FEVI I SRS AR R w3 I AR il & 4 SO B SE A I oo s 57 Mg

3.2 BAFEMBBERMIFITA

2D C/SiC E A MRHE-E A ) 1) U 418 T IBOG ORI AR i & 4 FR . A SEEe 45
HH RS LA BT 9 B g S R e s AR I, DA RO R R 2 X ) A RO T S
L% LA K B R 2 IX PRI TR J et o o TR T P 50 s o b e 2 50 B 1 A it v il JE S 0 U AR AN
EHTEEMEL, R T E8 MR AT A IR .

ME 4 () 51, BOLAEIR 0.4 s B 2D C/SiC B A RN oL Bt i X I8 O B 4T 4
GRIRGER R FRAE IR, DU SiC IRE LRI CUR A 1 S B B R I B, MM 2Rk 22 Hot
SEULRE ). BEAE WL RE R RFEEH N LARAE DI 1) U 5| AR LA s iR S PR A, ]
4. () + 4 (o) 4 (D PR, BEFEEIFEHIEMZERE, ¢ H R LR
AR, WAEIR = AR UUE RIS 3 AR R AT R R O X
o, R WIE 4 (o) Bs, SRR O s R O IR BE AR O 3, X 5 AL
LI 5 SR PP X SR R B S e T DX, S AR A IR R R R A T B R R AR
FE R IR AE F R 4 100 1 9, 5 SO0 4 T TR S TR R BT i« > o i T T 384
F20s2Zf5, WE4 (o), 4 (D P, B BRI LARGE I X 35 LA K e it o [X 35k
BHAY KAE, BRI T AN 2 I R Z A, 1 DUBREF 4 A b S AR 3 B
A YEAGRIIS R MGTREE P AR T B RAE R IREEAR AL 2 B 5 5 Y R 45 M A DR IR
RRAIAR o 3 i BA_E IR b I G 1 5 DR S WU R i B RN S E  SRIEE BE (RN %, 38
5 Re il X 38 AR S A OGP, B AN P TR BT, AU T R B B A
T3 24V Bl AR e A8 A IF RS S5 WUk (K4 P T 460055 « B8 OB BRI A1 84, 4 T
(R P T e, AT A 45 0 8 R O e kAT A AT Ay 3 90



K 4 2D C/SiC &M EHEBOLH IR 5l A U] R R A T EhA BB . (a) 0.4s; (b) 0.8s; (¢

12s; (d) 1.6s; () 2.0s; (F) 2.4s; BHIEETH) EEOYREFERING R, FEODEHRIELHE SR

Fig. 4 The dynamic laser ablation morphology of 2D C/SiC composite exposed to laser irradiation and supersonic
tangential airflow. (a) 0.4 s; (b) 0.8 s; (c) 1.2 's; (d) 1.6 s; (€) 2.0 s; () 2.4 s; The figure includes two parts: upper

figure is obtained by in-situ observation technology, down figure is obtained by optical flow method
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Fig. 5 The dynamic laser ablation morphology of 3DN C/SiC composite exposed to laser irradiation and
supersonic tangential airflow. (a) 0.4 s; (b) 0.8 s; (c) 1.2 s; (d) 1.6 s; (e) 2.0 s; (f) 2.4 s; The figure includes two

parts: upper figure is obtained by in-situ observation technology, down figure is obtained by optical flow method

AR G R AUAE C/SIC EaMRHKI B AT A tH 22 5, RIS 199 357 (R e TR P
WAPAIRE: 2D C/SiC EEM BB IR 1.13 mm, 17 3DN C/SiC & &4 kH be i
J¥4 1.23 mm. FEJEFETHHE KRS ECLRBRT 45 B . LT 2D C/Sic
HEMEL 3DN C/SIC 725 FET7 1] b i #ivie S R 05 vy, M3 B0 2 0] 2 % T 2D C/SiC,
T LA A e iU 2 B 23 i T 2D C/SiC. A FEROE T 28 % 5y 2546 W/em? (¥ 8 2% 1F
T, WorkE I L X PRI F) SiC HEAR 1A il R RIR S, FEER C WA RRE. BT
FHER BB PGERE, BRAFAED Sllm, BeRsRIUO R R 2, T LA C/SiC B& M
FHAPUGE I BE IR Bk TR ET4E & i . 3DN C/SiC FIBREF4E & & (36.0 %) ZHIKT 2D C/SiC

(542 %) , K HBMEE KT 2D C/SiC.
3.3 ET R FEF LR iR R
K6 &H THAESANMa3.0, WOETHEAN 1000 W GEOETHRZEE N 1273 Wem?)



i CFRP & & M EHA S ZS e it 72 . 7] LLIE T & 2] CFRP £ & FRHE Fe i 72 4 i 4l =22 10
BOGARIR 0.8 s I LR IBRLT 4E40 2 1 2 R 45°, 1.6 s IFEEAS 4 0°, 2.4 s #5458 09-45°, 4.0 s
B4 2 AR AR AT 900,

Kl 6 CFRP &M RHERO AR IR 5 A YA R PRSI RMIES.  (a) 08s; (b)) 1.6s; (¢)
24s; (d) 4.0s
Fig. 6 The dynamic laser ablation morphology of CFRP composite exposed to laser irradiation and supersonic

tangential airflow. (a) 0.8 s; (b) 1.6 5; (c) 2.4 s; (d) 4.0's
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Fig. 7Laser ablation behaviors of CFRP composite subjected to supersonic tangential airflow. (a)The velocity

vector chart; (b) instantaneous laser ablation depths of different laser power densities and Mach number
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Abstract

Objective The laser damage experiment in the high-speed wind tunnel is an important method to
study the mechanism of high-speed targets exposed to laser irradiation. There is no substantive
progress of the instantaneous ablative behavior of laser irradiated surface due to the high
temperature radiation and coupled with factors such as laser radiation and high-speed wind tunnel
environment interference. The usual methods are used to obtain data such as final ablation
morphology, ablation depth or average mass ablation rate after experiment. However, the
traditional methods cannot provide instantanecous and reliable failure evolution process and
real-time experimental data. The temperature of the specimen under laser irradiation is more
extreme. For instance, the temperature of ceramic-based composites can reach more than 3000 °C
under the high laser power density. Nowadays, experimental data on the instantaneous ablative
morphology of high temperature targets exposed to the laser irradiation and supersonic tangential
airflow have not been reported. In present study, we propose an in-situ observation technology
suitable for obtaining the instantaneous laser irradiated ablative morphology of different materials.
The real-time ablative behaviors of metal and composite materials under supersonic tangential
airflow are caught. The ablative characteristics of specimens are analyzed by image processing

methods and the instantaneous ablative data are obtained.

Methods Titanium alloy, nickel-based superalloy, ceramic-based C/SiC and carbon fiber
reinforced polymer CFRP composites are studied in this paper. First, an in-situ observation
technology suitable for laser irradiated extreme high-temperature environments is established,
mainly composed of high-speed camera, auxiliary lighting system, attenuating filter and narrow
band-pass filter. Then, the laser damage experiments are carried out in the supersonic wind tunnel.
The experiment employs the supersonic wind tunnel facility at the State Key Laboratory of
High-Temperature Gas Dynamics (LHD) of the Institute of Mechanics, Chinese Academy of Sciences.
It operates on the oxygen-hydrogen combustion principle and can provide a free-stream of Mach 1.8 to
4.0 in the test section. It is mainly composed of heaters, nozzles, air supply system, console, and
measurement system. In the experiments, tangential supersonic airflow is set as Mach 3.0. The total
temperature and total pressure of the gas flow are 8§15 K and 1850 kPa, respectively. Finally, the
optical flow method is used to analyze the ablative characteristics and particle motion velocity of



each material and the instantaneous ablation rate is obtained by using PIV method combined with

the structural characteristics of the composite material layup.
Results and Discussions

The burn-through behaviors of titanium alloy and nickel-based superalloy are obtained. The
burn-through time under the coupled action of laser and tangential airflow are 1.32 s and 1.44 s,
respectively. The final perforation diameters are 7.23 mm and 5.72 mm, respectively. The reason
for the difference of flow pattern and burn-through time is mainly the instability of the melt
surface. According to the Kelvin-Helmholtz theory, the mechanism of burn-through behavior is
mainly related to the surface tension and density of the material. Although the melting point of
titanium alloy TC4 (1670 °C) is higher than that of nickel-based superalloy GH625 (1340 °C), the
high-density nickel-based superalloy has better resistance to laser breakdown under tangential
airflow conditions performance. For the C/SiC composites, the ablative evolution process of the
microscopic structure, the formation and migration of silicon dioxide droplets in the edge region
of laser irradiation are clearly seen from the experimental images. The results show that the in-situ
observation technology can also be used to observe the ablative behavior of composite materials.
Different braided structures can influence ablative behaviors and depths. The ablation depth of 2D
C/SiC composite is 1.13 mm, while that of 3DN C/SiC composite is 1.23 mm. Compared with 2D
C/SiC composite, 3DN C/SiC composite has a higher thermal conductivity in the thickness
direction, resulting in a significantly higher temperature than 2D C/SiC composite, so its
thermochemical ablation rate is also higher than that of 2D C/SiC. The instantaneous ablative
depths of CFRP are obtained based on PIVlab. The results are an obvious nonlinear behavior. The
laser ablative depth of CFRP composite under the supersonic tangential airflow is related to the
laser power density and airflow velocity. The ablation depth is 0.36 mm when the laser power
density is 1273 W/cm? and the airflow velocity is Ma 1.8. When the airflow velocity increases to
Ma 3.0, the ablation depth increases to 0.47 mm. The laser power density increased to 2546
W/cm?, the ablation depth increases to 1.07 mm. The above results indicate that the laser power

density has a stronger influence on the laser ablative depth.

Conclusions In this paper, an in-situ observation technology of laser irradiated high-temperature
is established and the instantaneous ablative morphology of metal and composite materials
exposed to laser and supersonic tangential airflow are obtained. The real-time ablative data are
calculated by image processing methods. The flow of molten metal in the wake zone and the
diffusive characteristics of the heat-affected zone are obtained based on the Horn-Schunck optical
flow method. The ablative behaviors of composites are related to the braided structure of the
reinforced phase. The mechanical ablation effect of 2D C/SiC composite is mainly sheet-like
ablation, while the behaviors of 3DN C/SiC and CFRP composites are mainly fiber-by-layer
ablation. The instantaneous ablative depths of CFRP composites are obtained based on the PIV
method. The results shown that the in-situ observation technology established in this paper has
broad application prospects in extreme high temperature engineering, especially in the study of
laser damage effect.

Key words laser damage effect; in-situ observation technology; instantaneous ablative

morphology; supersonic tangential airflow; optical flow method
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