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Abstract: To address the challenges facing conventional detection methods for delamination of carbon
fiber composite tubes of large deployable antennas, namely, short detection range, low efficiency, and
insufficient intelligence, an intelligent quantitative evaluation method for delamination of carbon fiber

composite tubes with mirror-reflection infrared thermography based on image processing and deep
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learning algorithms was proposed. First, the detection region was automatically identified and
extracted using the Otsu algorithm, and the extracted image sequences were processed by principal
component analysis to effectively suppress noise and enhance defect feature contrast. Second, a
deep learning-based defect recognition and segmentation algorithm was proposed; defect regions
were identified accurately and rapidly through a decision-level fusion strategy, and defect shapes
were precisely segmented using a region-constrained segmentation strategy combined with a logical or
aggregation algorithm. Finally, defect correction and 3D reconstruction algorithms were applied
to achieve 3D visualization of the defects. Carbon fiber composite tube specimens with internal
delamination were tested. The results indicated that the quantitative evaluations for defects
obtained by the proposed method were in good agreement with computed tomography (CT)
results: the maximum error in the identified area of each defect was 7. 7% and the mean error was
5.1%, both within allowable engineering tolerances, thereby validating the accuracy and
effectiveness of that method. The study is expected to provide guidance for long-range, efficient,
and intelligent quantitative non-destructive evaluation of deployable antenna carbon fiber
composite tubes.
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Fig. 1 Schematic diagram of the mirror-reflection infrared thermography system
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Fig. 2 Schematic diagram of the basic structure and principle of the homogenizing lens
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Fig. 3 Comparison of beam energy distribution
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Fig. 4 Intelligent non-destructive evaluation method for infrared images of debonding defects in carbon fiber tubes
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Table 1 Corrected detection area, actual area, and relative error

GebEgm S R E AR/ mm® SR EAR/mm® AR 2

#1 18. 21 19.63 7.2
#2 36. 04 38.48 6.3
%3 68. 50 63.62 7.7
=4 20. 23 18. 85 7.3
#5 38. 56 37.70 2.3
Z6 55.59 54. 98 1.1
=27 11. 96 12.57 4.9
=8 36. 68 38.48 4.7
#9 81. 54 78. 54 3.8
#10 26. 33 28. 27 6.9
#11 61.48 63.62 3.4
£12 119. 77 113. 09 5.9




MBI+ 45 « TR B 2 ) WK Sy B0 ik 2T 245 A7 1 SR 56 5 10 21 A/ S DM I 408 R S5 VAl D vk 107

556 1
y 46
g “
Ny
£
450
N-175"3p 100 150 200 250 300 330 400
X/mm
() 1 Sl i = 4 g 45 21
#6

#3

) »

(1 SIfFH CT 4521

§ #12 #9

N ® 4 &

o L ]

17 (e #11 T
2___350 200 450

0 50 100 150 200 250 300
X/mm

()2 Z il iy =4 45 21
#9

#12
- #10 #7

(D2 Sl CT g5
Bl 15 il seph e A RIS CT 45 R Xt
Fig. 15 three-dimensional

Comparison of quantitative

reconstruction results and CT results of specimen

defects

4 25 8

AR SCHRE T — Bl Xt B 2T i A8 0 K Dok o B i 41
ARG B Re AL T B e AL O 8 IR
> R AR PR AL PR AR TR BE R G SE B T R &
A R SR o 1 s A5 v A B R e Ak e B C BT
M ET EELR.

(1) g 7 flA RS o3 i (PCAD FIR JE 77 2]
V14 R IE 1 SR RE 2 3 3 2 B IR 40 1 i D B
A3 R A RCT M R T OF BT T B A R AR R
PO

(2) & T2 F oK RS KB Faster
R-CNING A B R A, 3l 2 2 3 6 43 R 3 )
A3 B A AR AR R AE A0 AL S B0 T i B A ARG o
PO, 456 SAM BRI 58 o 3G R 78
1T LB T BRFE TR IR Y R RO A R A Bt
149 DX 3 249 o 43 0 5 vk A A e S 461 R O 1k b 3 A
TIHREROE,

(3) 38 3k 2 7 ffY THD [ 3 0 R L TR R
R WL OC R bR T RE () il R AR L AT RSB T
IS e B 1) — A T A . T R v X e T AR R P G
Kk b 2 R A 45 R 5 CT 45 R 3 A — 3L,
P75 380 f5fe o 1% S 0 T R 5 52 B T R ) o K58 2

zkxb. xjtu. edu. cn

J T T PR E R 5. 1%, P TR IR 2 AR
Fil A

AR ST 4R 7 1 il R 1 AR GELL AN RSB MO T
)2 K G AN 4 1) L Sk DR R R 4 25 K Tl 21
i A5 AR A IS I 4t T T Y i U %6 AR O
T o S BB TR B 1Y s BV AL L 2D ANRR R
14 I S A5 R A 159 2 58 40 R RO A IR R L B
B = 2 45 0 1 R BB L S PEAL

S E k.

(1] B/, &9, H5. & KBS E AR RE RS

R IR SR (], SR FHAR, 2018, 165(2);
16-26.
MA Xiaofei, LI Yang, XIAO Yong, et al. Develop-
ment and tendency of large space deployable antenna
reflector [J]. Space Electronic Technology, 2018,
15(2) . 16-26.

[2] BARBERO E J. Introduction to composite materials
design [M]. 2nd ed. Boca Raton, USA: CRC Press,
2011.

[3] SMITH R. Composite defects and their detection [J].
Materials Science and Engineering, 2009, 3 (1):
103-143.

[4] TALREJA R, SINGH C V. Damage and failure of
composite materials [ M]. Cambridge, UK: Cambridge
University Press, 2012.

[5] BOSSIR H. GIURGIUTIU V. Nondestructive testing
of damage in aerospace composites [ M]//IRVING P
E, SOUTIS C. Polymer Composites in the Aerospace
Industry. Cambridge, UK: Woodhead Publishing,
2015. 413-448.

[6] X138, PRifeig. BRYANSKY A, 4. fii K& &Mk

S5 A R MW B R R R LT KA MR R
2024, 41(9) . 4563-4588.
LIU Qingxu, CHEN Haifeng, BRYANSKY A, et al.
Progress in application on health monitoring technolo-
gy for aerospace composite structures [J]. Acta Mate-
riae Compositae Sinica, 2024, 41(9): 4563-4588.

[7] YANG Xiaoyu, VERBOVEN E, JU Bingfeng, et al.
Comparative study of ultrasonic techniques for recon-
structing the multilayer structure of composites [J].
NDT &. E International, 2021, 121: 102460.

(8] #%%:, Zh e, ZMRIL, . AL E S M EES
PR 5 2 R AR 5k [T] = 4k, 2016,
37(11) . 3512-3519.

WEI Yingying, AN Qinglong. CAI Xiaojiang, et al.

CFRP ultrasonic scan delamination detection and evalu-




108

[ 7 . ]

EE

% 60 &

9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

ation method [J]. Acta Aeronautica et Astronautica
Sinica, 2016, 37(11): 3512-3519.

DU Yali, XIE Shejuan, LI Xudong, et al. A fast for-
ward simulation scheme for eddy current testing of
crack in a structure of carbon fiber reinforced polymer
laminate [ J]. IEEE Access, 2019, 7: 152278-152288.
GUO Wei, GUO Lihua, XU Hao, et al. Impact dam-
age detection on carbon fiber reinforced polymer tube
by a mutual differential Bobbin probe [J]. Compos-
ites;: Part A Applied Science and Manufacturing,
2025, 193 108806.

Mk, K ER, REW, 5. X L0522 RERHEAR
FAEMZ MR SRR [T s dE s, 2019,
62(14) . 49-54.

FU Jian, ZHANG Changsheng, ZHU Guogang., et al.
Development and application of X-ray computed lamin-
ography for aerospace [J]. Aeronautical Manufactur-
ing Technology, 2019, 62(14) . 49-54.

M, EARE, L. . X HLBMBEARTEES
FERLR I e 5 L5 % R (D7, BT, 2016, 38
(2): 67-72.

DONG Fangxu, WANG Congke, FAN Limei, et al.
The application and development of detection of com-
posite materials by X-ray nondestructive testing tech-
niques [ J]. Nondestructive Testing, 2016, 38 (2):
67-72.

QIU Jinxing, PEI Cuixiang, LIU Haochen, et al.
Quantitative evaluation of surface crack depth with la-
ser spot thermography [J]. International Journal of
Fatigue, 2017, 101(Part 1) . 80-85.

YANG Ruizhen, HE Yunze. Optically and non-opti-
cally excited thermography for composites: a review [J].
Infrared Physics & Technology, 2016, 75: 26-50.
QIU Jinxing, PEI Cuixiang. LIU Haochen, et al. Re-
mote inspection of surface cracks in metallic structures
with fiber-guided laser array spots thermography [J].
NDT &. E International, 2017, 92; 213-220.

Vi, FHIR, ZIEE. & 3T OGS 20 Sh
T AGET #3358 5 5 W) 25 A RN (] 1R 5 L 45 A4 S T 45
i (I & &8R40, 2020, 37 (2):
472-481.

XU Ying, WANG Qingyuan, LUO Congcong, et al.
Nondestructive debonding detection of fiber reinforced
plastics strengthened concrete structure based on infra-
red thermal imaging with laser thermal excitation [J].
Acta Materiae Compositae Sinica, 2020, 37(2); 472-481.
KEO S A, DEFER D, BREABAN F, et al. Compari-

son between microwave infrared thermography and

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

zkxb. xjtu. edu. cn

CO, laser infrared thermography in defect detection in
applications with CFRP [J]. Materials Sciences and
Applications, 2013, 4(10): 600-605.

KEO S A, BRACHELET F, BREABAN F, et al. De-
fect detection in CFRP by infrared thermography with
CO, laser excitation compared to conventional lock-in
infrared thermography [J]. Composites: Part B En-
gineering, 2015, 69 1-5.

SEMEROK A, JAUBERT F. FOMICHEV S V, et
al. Laser lock-in thermography for thermal contact
characterisation of surface layer [J]. Nuclear Instru-
ments and Methods in Physics Research: Section A
Accelerators, Spectrometers, Detectors and Associat-
ed Equipment, 2012, 693 98-103.

LIU Junyan, LIU Yang, WANG Fei, et al. Study on
probability of detection (POD) determination using
lock-in thermography for nondestructive inspection
(NDI) of CFRP composite materials [ ] ].
Physics & Technology, 2015, 71, 448-456.
GONG Jinlong, LIU Junyan, WANG Fei, et al. In-

Infrared

verse heat transfer approach for nondestructive estima-
tion the size and depth of subsurface defects of CFRP
composite using lock-in thermography [J]. Infrared
Physics & Technology, 2015, 71; 439-447.

GAO Bin, BAI Libing, WOO W L, et al. Automatic
defect identification of eddy current pulsed thermogra-
phy using single channel blind source separation [J].
IEEE Transactions on Instrumentation and Measure-
ment, 2014, 63(4). 913-922.

WANG Zhi, PEI Cuixiang, ZHANG Zhenyu, et al.
Quantitative test of delamination defects in CFRP with
surface interference by laser thermography [J]. Infra-
red Physics & Technology, 2024, 136. 105046.
SHEPARD S M, LHOTA J R, RUBADEUX B A, et
al. Reconstruction and enhancement of active thermo-
graphic image sequences [ J]. Optical Engineering,
2003, 42(5): 1337-1342.

MALDAGUE X, MARINETTI S. Pulse phase infra-
red thermography [J]. Journal of Applied Physics,
1996, 79(5): 2694-2698.

RAJIC N. Principal component thermography for flaw
contrast enhancement and flaw depth characterization
in composite structures [ J]. Composite Structures,
2002, 58(4): 521-528.

LUO Qin, GAO Bin, WOO W L, et al. Temporal and
spatial deep learning network for infrared thermal
defect detection [J]. NDT &. E International. 2019,
108.: 102164.




55 6 A B & 55 o TR JBE 2 > BIK S0 1Y ik 2T 2 457 B e 94 55 TH 20 A/ G T TE 45 S VAN O i 109
[28] WU Haiyi, ZHANG Hongwei, HU Guoqing. et al. Deep [33] KANG Yukuan, LIU Lei, GAO Bin, et al. Automa-

[29]

[30]

[31]

[32]

learning-based reconstruction of the structure of heteroge-
neous composites from their temperature fields [J].
AIP Advances, 2020, 10(4): 045037,

WEI Ziang, FERNANDES H, HERRMANN H G, et
al. A deep learning method for the impact damage seg-
mentation of curve-shaped CFRP specimens inspected by
infrared thermography [J]. Sensors, 2021, 21(2): 395.

RUAN Lingfeng, GAO Bin, WU Shichun, et al. Def-
tectNet; joint loss structured deep adversarial network
for thermography defect detecting system [J]. Neuro-
computing, 2020, 417, 441-457.

ALTI R, CHA Y J. Attention-based generative adver-
sarial network with internal damage segmentation
using thermography [J]. Automation in Construction,
2022, 141, 104412.

CHENG Liangliang, TONG Zongfei, XIE Shejuan, et
al. IRT-GAN: a generative adversarial network with a
multi-headed fusion strategy for automated defect
detection in composites using infrared thermography [J].

Composite Structures, 2022, 290. 115543,

[34]

[35]

[36]

[37]

zkxb. xjtu. edu. cn

ted thermography cognitive sensing-feedback inspection
for large irregular sample [J]. TEEE Transactions on
Instrumentation and Measurement, 2024, 73; 1-10.
WU Shunyao, GAO Bin, WOO W L, et al. Defect su-
per-resolution algorithm based on infrared thermal im-
aging physical kernel [J]. NDT &. E International,
2025, 154, 103368.

WANG Rongbang. PEI Cuixiang, XIA Ruicong, et
al. A portable fiber laser thermography system with
beam homogenizing for CFRP inspection [J]. NDT &
E International, 2021, 124. 102550.

TONG Zongfei, CHENG Liangliang, XIE Shejuan, et
al. A flexible deep learning framework for thermo-
graphic inspection of composites [J]. NDT &. E Inter-
national, 2023, 139. 102926.

KIRILLOV A, MINTUN E, RAVI N, et al. Segment
anything [C]//2023 IEEE/CVF International Confer-
ence on Computer Vision (ICCV). Piscataway, NJ,
USA: IEEE, 2023: 3992-4003.

Unk FEH0




